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On the Effect of a Secondary Structure upon the Interference of 
X-rays 


By H. M., Evjen* 
Norman Bridge Laboratory of Physics, California Institute of Technology 


(Received June 17, 1932) 


Laue’s dynamic theory of x-ray interference is shown to be applicable, with only 
a few minor changes, to crystals having a very general type of secondary structure. 
It is thus applied for the purpose of obtaining a quantitative estimate of the effect 
of such a structure upon the nature of the x-ray interference maxima. The estimate 
is relative insofar as it compares the intensities of respectively the “secondarily” 
and the “primarily” reflected interference beams and applies only in the region 
where the latter have been, or can be observed. In this region the “two-dimensional 
lattice” type of secondary structure is found to give rise to a fine structure which, 
with the present insufficient resolving power, would be manifested experimentally 
as a weak, diffuse background. The secondary structure of this type produces no 
broadening of the primary lines. The existence of this type of structure, therefore, 
is not inconsistent with the sharpness of the interference maxima obtained from 
such crystals as calcite, and a possible objection to the existence of the secondary struc- 
ture in such crystals is removed. The extinction effect is briefly considered, but ab- 
sorption is not taken into account, except with a few qualitative remarks. 


RGUMENTS against the existence of a secondary structure’ in crystals 
have been raised from time to time in the literature on the basis of the 
nature of the x-ray interference patterns. For instance,” it has been argued 
that the sharpness of the x-ray interference lines from such crystals as calcite 
is not consistent with the presence of a secondary structure. This argument, 
if theoretically tenable, would be very weighty on account of the reliability 
and great accuracy of the x-ray spectroscopy; and its consequences would be 
far reaching in the theory of the solid state.* For this reason, and also in view 
of the possibility of enlisting the aid of the x-ray spectroscopist in the de- 
tection and analysis of secondary structures, it is desirable to obtain a quan- 


* National Research Fellow. 

1 Not to be confused with a “mosaic structure.” For the sense in which these terms are 
here used, see F. Zwicky, Phys. Rev. 40, 63 (1932). 

2M. Siegbahn, Spektroskopie d. Rintgenstrahlen, 2d Ed., p. 60 (1931). 

3 As pointed out by Siegbahn, in reference 2, we would have as an immediate effect that 
Zwicky’s explanation of the discrepancy between the values of the electronic charge obtained 
respectively by direct measurement and by x-ray analysis would be rendered unsatisfactory. 
(See F. Zwicky, Proc. Nat. Ac. 16, 211 (1930)). There is, however, at present some controversy 
as to whether or not this discrepancy is significant. 
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266 H. M. EVJEN 
titative estimate of the effect of such structures upon the interference of 
x-rays.* 

Laue’s dynamic theory of x-ray interference’ is directly applicable to 
crystals having a very general type of secondary structure. In fact, the 
formulae developed by Laue remain formally the same when his theory is 
applied to crystals having such a structure; only the symbols involved must 
be given a slightly different interpretation. In order to prove this proposition 
we shall have to review briefly the physical background of Laue’s theory. 

Laue’s theory in contradistinction to Ewald’s® earlier theory and Waller's’ 
modification thereof, is based on the supposition that the negative electric 
charges are distributed in an arbitrary manner over the entire lattice cell. 
It contains Ewald’s theory as a special case when certain restrictions are 
placed on a group of symbols whereby the concentration of the said charges at 
the lattice points is accomplished. 

His theory owes its simplicity and elegance to the following ingenious 
considerations. 

First he shows that it is permissible to assume that for small displace- 
ments the displacement of the negative charges at any point in the lattice 
cell is proportional to the electric field strength at that point. The propor- 
tionality factor is calculable in principle, but since it does not enter directly 
into the theory, it is not necessary to go into the question as to how this factor 
may be calculated. 

Secondly, on account of the large masses with which the positive charges 
are associated, these do not take any appreciable part in the scattering of the 
x-rays. They may therefore be distributed in any manner whatsoever over 
the lattice cell, provided we specify that they shall not be displaced by the 
electric vector. The positive charges, in fact, may be distributed in such a 
way that when there is no disturbing field they exactly neutralize everywhere 
the negative charges. A field then produces in every point of space a polariza- 
tion which is proportional to the field strength at that point. The magnitude 
of the polarization is characterized by a proportionality factor varying from 
point to point within the crystal. By thus distributing the positive charges 
we therefore arrive at a fictitious body whose dielectric constant varies with 
the coordinates. In the real body, with its positive charges concentrated in 
the immediate neighborhood of the lattice points, the electromagnetic wave 
field is exactly the same. The fact that the two bodies differ electrostatically 
is of no consequence for cur purpose. 

In order to obtain the solution of the interference problem it is now only 


* Darwin, (See reference 15), has already calculated the effect of one type of imperfections 
in crystals. The type of secondary structure which will be considered here, however, is essen- 
tially different from Darwin's imperfections. 

5 M. v. Laue, Erg. d. ex. Naturwiss 10, 133 (1931). 

6 P. P. Ewald, Series of papers starting with Ann. d. Physik 54, 519 (1917). The general 
method embodied in Ewald’s and Laue’s works is more convenient for our purpose than the 
method employed by Darwin in a still earlier paper, C. G. Darwin, Phil. Mag. 27, 315, 675 
(1914). 

7 J. Waller, Uppsala Universitets Aarsskrift (1925). 
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necessary to solve Maxwell’s equations for a medium having a triply periodic 
dielectric constant. In the case of the ideal crystal, as treated by Laue, the 
periodicities of the dielectric constant, €, must conform with the periodicities 
of the primary lattice of the crystal. In the case of the crystal having a 
secondary structure, on the other hand, the periodicities of € must conform 
with the periodicities of the secondary structure. The primary structure here 
appears as a very prominent higher harmonic. Instead of representing € itself 
as a triply periodic Fourier summation it is more convenient for the purpose 
of calculation thus to represent the factor Y=1—1/¢€ which determines the 
polarization, D(1—1/€), D being the electric displacement vector of the elec- 
tromagnetic field. If we understand by, (a;’, as", a3;°) the primitive transla- 
tions of the primary lattice, and by (b,", be’, bs’) the corresponding elemen- 
tary vectors of the reciprocal lattice, we have for the ideal crystal: 


1— 1/e =P = Lnem ibm? (1) 


where 
3 
b,, = D> maba"; j = 2n(— 1)". 
a=1 


Mq is an integer, and r is the independent variable radius vector measured 
from an arbitrary lattice point. 
From the definition, 


b,.” an la; 4 a;*| (a,°a;°b,.°) (la) 


it follows immediately that each term in the series (1) is periodic with the 
three periods (a;", a2", a3"). 

This is the starting point for Laue’s theory. For crystals having a second- 
ary structure Eq. (1) must be slightly modified. Let the periodicities of the 
secondary structure be (D,", D2", D;°). Let the corresponding reciprocal lat- 
tice be defined by, 


By" = |D,’ X D;")(Di"D;"D."). (2) 
The polarization factor’ now must be represented as follows: 


1 — 1 . = (4) = one i(Byor (3) 
where 


3 
a= 2aB. 
a=1 


By the definition (2) we are assured that each term in the series (3) is periodic 
with the three periods (D,°, D,°, D3"). 


8 This factor, as Laue points out, is akin to, and takes the place of the structure factor of 
the elementary theory; but only in so far as the polarization is proportional to the density of 
charge with a constant proportionality factor can it be said to be a measure of the distribution 
of charge. 
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Eq. (3) is formally the same as Eq. (1), the only differences being that 

@ and ¢,, have replaced y and y,,, and B,, has replaced b,,. From this it fol- 

lows that any subsequent formula that may be derived on the basis of Eq. 

(3), in conjunction with Maxwell's questions, must be formally the same as 

the corresponding one derived by Laue on the basis of Eq. (1), since any sub- 

sequent development is of a purely mathematical nature. We can therefore 
write immediately in the place of Laue’s fundamental Eqs. (I) :° 

Kal? = ; | 

rae Da = Dibn— Dein (I’) 

where D,, represents the electric displacement of the plane wave propagated 

in the direction of K,,,’ given by, 


a ™ Ko + B,, (4) 


and 1.;») represents the component of D, perpendicular to K,,,’. k is the re- 
ciprocal of the vacuum wave-length. 

When these conditions are fulfilled the solution of Maxwell's equations 
for a medium having the dielectric constant specified in Eq. (3) is given by, 


D = ei > Dne~i Kn’ 2) 


a ad = { Fs 
5 eivt 5 5 ne 1 Km' 8) 


5C being the magnetic field strength. 
Each member of this triple sum represents a plane wave propagated in 
the direction of X,,,’ with the phase velocity 


age 
a / 
v= v/| Kan’ | 


v being the frequency of the wave field which is assumed to be monochro- 
matic. The index of refraction of the plane wave therefore is given by: 


nu = c/v = C | on | /v. (6) 


It follows moreover from Maxwell’s equations that the electric vector 
D,, is perpendicular to the vector X,,,’ as well as to 3C,,. Hereby the number of 
unknowns, (components of D,, perpendicular to K,,’), as well as the number 
of algebraic equations in (I’) is reduced to 2N where N is the total number 
of vectors D,,, in general infinity. 

Now to solve the infinite set of linear, homogeneous Eqs. (I’) in general, 
not only is impracticable by the methods of existing mathematics but also 
is useless, since as Laue points out, only a finite number of the plane waves 
have an appreciable intensity. If, therefore, we follow the example set by 
Laue and neglect all the vectors D,, except those that have an appreciable 
absolute value, the fundamental Eqs. (I’) reduce to a finite set of linear, 
homogeneous equations which can be solved by ordinary methods. The 
criterion by which this reduction is brought about is the same as that em- 
ployed by Laue in the case of the ideal crystal, and for practical purposes is 


® See reference 5, p. 139. 
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most easily obtained by geometrical considerations in the reciprocal space. 
For a detailed account of the method, however, we shall refer to Laue’s 
admirable paper.’ Here we shall only consider the changes brought about in 
the reciprocal lattice by the introduction of the secondary structure. Al- 
though the following assumption is not necessary, we shall for simplicity 
assume that the secondary structure belongs to the same crystallographic 
group as the primary structure. Then we have: 


D? = Ma?; (¢ = 1,2,3) (7) 


where 
M,~ Mo~Mz~M (7a) 


are integral numbers all of the same order of magnitude. From Eqs. (1a) and 
(2) it then follows that, 


B;° = b'/M; (8) 


By this equation the relation between respectively the primary and the 
secondary reciprocal lattice is determined. 

Now in order to obtain a quantitative estimate of the effect of the second- 
ary structure it is necessary first to derive the relative magnitudes of the 
Fourier coefficients y,, and ¢, appearing respectively in Eqs. (1) and (3). 
From the general theory it is known that the secondary structure must be 
considered as a very slight modulation of the primary structure. In other 
words, 


vp > Or 


provided the triplet + =(71, 72, 73) does not represent an integral multiple 
of the triplet MJ =(14,, M2, M3). In the latter case, that is when r= Mq 
=(qiM, geMe, g33), the exponential function by which @¢, is multiplied in 
the summation (3) is the same as the exponential function by which y, is 
multiplied in the summation (1), and we have, 


Vo~ Ve ~ Omg: 


A closer estimate is possible by sacrificing some of the generality. That is, 
if we exclude the type of secondary structure in which the individual blocks 
are tilted with respect to each other, it is clear that the ratio ¢,/~p must be 
of the order of magnitude of the relative amplitude of deviation in lattice 
constant from the primary value. This amplitude of deviation is given par- 
ticularly on the basis of the one,'® but also on the basis of the other,'! of the 
two general types of secondary structure lately propounded in the literature, 
as follows: 


A/a~a/D~1/M. 
Consequently the relative order of magnitude of the two Fourier coefficients 
is given by, 


10 F, Zwicky, Helv. Phys. Acta 3, 287 (1930). 
uF, Zwicky, Phys. Rev. 38, 1772 (1931). 
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or ¥re~ 1 M; (7 ~ M,) (9) 


where .J/ usually is of the order of 50 or larger. 

Eqs. (8) and (9) in conjunction with the formulae derived by Laue enable 
us to arrive at the desired estimates. The constructions in the reciprocal space 
are the same as those employed by Laue except that a number of lattice 
points are added in accordance with Eq. (8) as illustrated in Fig. 1. 

















Fig. 1. Reciprocal lattice. 


Associated with these additional lattice points are structure factors ¢, 
which bear the relation (9) to the factors Yp of the primary lattice points. 

In the simplest possible case, that is when only one of the vectors D,,, 
namely Do, has an appreciable absolute value, we obtain: 


Dy = (¢2/2€2)Dotr} 


Dp = (Wp/2ep)Dop). 


Therefore, when the quantities €, and €p are roughly the same,” that is, when 
the “propagation sphere” passes at roughly the same distance from the 
secondary lattice point 7 as from the primary point p, and the geometrical 
status of the two points is otherwise roughly the same, our theory yields, 


D,/Dp ~ o2/ bp 
or by Eq. (9): 
(D,/Dp)? ~ 1/M?2. (10) 


For the order of magnitude of ./ which we have indicated this ratio is very 
small. Nevertheless, when we consider the total or integrated energy scat- 
tered by the secondary structure we may arrive at a very sizable figure since 
the density of the secondary scattering centers in the reciprocal space is ./* 
greater than that of the primary scattering centers. For the ordinary experi- 
mental setup, however, it is clear that this scattering from the secondary 
structure could be manifested only as an apparently diffuse background of 
radiation. 


1 See reference 5, Eq. (14a). 
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When more than one of the vectors D,, have an appreciable absolute value 
we can usually write down relations similar in context to Eq. (10). Only in 
very particular cases do situations arise in which the plane wave created by 
interference from the secondary scattering centers is comparable in intensity 
with those produced under similar circumstances from the primary scattering 
centers. In these cases, however, the solid angular regions over which this 
intensity prevails is of the order 1/.1/? for the secondary interference beams 
as compared with the primary ones. Therefore, again the experimental de- 
tection of the secondary interference beams would be very difficult. 

We shall consider one such case somewhat more in detail, namely the 
practically very important Bragg reflection. This we shall do only in the 
symmetrical case, that is when the reflecting planes are parallel to the surface 
of the crystal. The more general case, where this condition is not fulfilled, 
presents no principally greater difficulties, but neither does it add any es- 
sentially novel features, so nothing is gained by its inclusion. 

In the crystal of infinite thickness perpendicular to the reflecting planes 
the secondary as well as the primary structure will give rise to total reflection 
over certain angular regions. These angular regions are defined by the Eqs. 
IIIa and IVa derived by Laue,” equations which we shall reproduce here: 


Xm = xe + Po/sin 2xp (11) 
Ax = 2(Wn—m)'*/sin 2xp (12) 


where xz is the Bragg angle defined by the equation, 


ny = 2d cos xz 


Xm is the midpoint of the region of total reflection, and Ay is the width of this 
region. In order to obtain the corresponding quantities for the reflection from 
the secondary structure it is only necessary to substitute ¢, for y,, and 
D~ Md for d. It follows immediately that, 


Axe/Axe ~|¢r| /|¥e| ~1/M. (13) 


For a somewhat divergent beam of incident, the apparent intensities of re- 
flection are proportional to these widths. Again the intensity of reflection 
from the secondary structure is small compared with the intensity of re- 
flection from the primary structure. Moreover, the interference maxima from 
the two structures ordinarily do not overlap since Wp is of the order of 
magnitude 10-* which hence is also the order of magnitude of the width 
Axp, whereas the distance between neighboring midpoints of the interference 
maxima is of the order \/2.\/d which is ordinarily very much larger than 
10-*. This type of secondary structure consequently produces no apparent 
widening of the primary lines, in contradistinction to the mosaic structure in- 
troduced by Darwin” to explain certain anomalies of x-ray reflection. Dar- 


8 See reference 5, p. 157. 
4 This is a point of considerable importance since otherwise it would be necessary to con- 
sider not only two of the rays a simultaneously but three. 
® C.G. Darwin, Phil. Mag. 43, 800 (1922). 
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win's type.of mosaic structure is characterized by an angle of tilt between 
the elementary blocks. Such a contingency has not been taken into account 
in the present theory, and our results represent not a contradiction but rather 
a complement to those of Darwin. Whereas such an angle of tilt is appar- 
ently, in most cases, a necessary result of the energetic considerations which 
led to the second type of secondary structure," the angle of tilt is not an ad- 
junct of the secondary structure of the first kind.'’ In other words, our theory 
applies to the latter type of structure. Incidentally this was the type of 
structure employed by Zwicky* to explain the discrepancy between the values 
for the electronic charge obtained respectively by direct measurement and 
by x-ray analysis. If this discrepancy should turn out to be significant, 
Zwicky's explanation consequently will remain consistent with the great 
sharpness of the interference lines obtained from such crystals as calcite. 

In spite of the weakness of the individual interference maxima arising 
from the secondary structure the total or integrated intensity obtained from 
this source when the crystal is turned through a certain finite angle may be 
quite appreciable, since the number of secondary interference maxima by 
the Bragg arrangement in general is ./ times greater than that of the primary 
maxima. Again, however, this “secondarily” reflected radiation would be 
manifested for experimental purposes, (with the employment of hard x-rays), 
as a diffuse background. This would be particularly true when the secondary 
structure is no longer ideal, but is degenerated into a mosaic structure, which 
is to be expected unless the crystal is grown under very carefully controlled 
conditions; for it is clear that the mosaic structure, in its effects, would bear a 
somewhat analogous relation to the ideal secondary structure, as the ther- 
mally agitated lattice, in its effects, bears to the ideal static one. 

To complete the theory we shall consider briefly the effect of the finite 
thickness of the crystal. Total reflection, strictly speaking, is only obtained 
when the crystal is nonabsorbing and has an infinite thickness. When the 
crystal has a finite thickness some of the energy in the angular regions de- 
fined by Eqs. (11) and (12) is transmitted through the crystal. The energy of 
the transmitted beam drops off exponentially from the reflecting surface. 
The rapidity with which the intensity drops off depends on the coefficient 
in the exponent of the exponential factor. This coefficient, x, which may be 
called the extinction coefficient varies from zero at one extremity of the 
angular region defined by Eqs. (11) and (12) through a maximum and back 
to zero at the other extremity. This maximum is given to a sufficiently close 
approximation by Laue’s theory as follows: 


Kmax > k(Wmb—m)'!?. (14) 


From this it is seen that the extinction coefficient is of the order M times 
greater for the primary interference beams than for the secondary ones. For 
crystals of finite thickness, therefore, the efficiency of reflection from the 
primary structure may be enormously greater than the efficiency of reflection 
from the secondary structure. Thus the relative intensity of the secondary 
interference beams is no longer given by the ratio 1/M; this ratio now must 
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be multiplied by a factor containing exponential terms depending on the 
thickness of the crystal, and this factor may be very small when the crystal is 
thin although it reaches a value of unity asymptotically as the thickness is 
increased. Incidentally these considerations show that the intensity of the 
interference beams from the secondary structure must be reduced more by 
absorption than the primary beams, since the former traverse more of the 
crystal before they are reflected than the latter. 

It should be noted that the present theory is only concerned with the 
relative intensities of the interference maxima for x-rays of the same wave- 
length. Nothing has been said about the absolute value of the Fourier co- 
efficients involved, except in so far as they are known from measurements on 
the primary interference beams. It is therefore quite conceivable that meas- 
ureable interference maxima from the secondary structure will be obtained 
when x-rays of sufficient softness to exclude the primary lines are employed. 
In this case, moreover, it is doubtful whether or not Laue’s theory is applica- 
ble since the boundary solution, (i.e., the interference pattern from the cross 
grating forming the boundary of the crystal), might be expected to come 
within the region of observables. 
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Analysis of the (0,0) *II—?+ CN Band at 9168A 


By ALLAN E. PARKER 
Sloane Physics Laboratory, Vale University 


(Received June 8, 1932) 


The rotational structure of the 0,0 band of the red CN system has been analyzed 
by means of spectrograms taken in the first order of a 21-foot grating. The values ob- 
tained for the various constants are By’ =1.8906 cm™!, By’ =1.6907 em, Dy’ = —6.07 
X10-§ em™, A = —53.3 em, py =0.009 em and go= —0.0008 cm~!. These are in 
agreement with the values obtained by Jenkins, Roots and Mulliken for transitions 
which involve higher vibrational levels of the II state. The origin of the band is at 
10905.12 cm™. 


INTRODUCTION 


ECENTLY Niess! has reported the existance of strong carbon bands in 

the infrared beyond 9000A. It seemed desirable to photograph these as 
they might or might not be the 0, 0 and 1, 1 bands of the *II-—?S CN band 
system whose position has been determined by Asundi and Ryde.* Analysis of 
the bands shows them to be these transitions. The results obtained are in 
agreement with those of Jenkins, Roots and Mulliken* who have analyzed 
transitions involving higher vibrational levels of the *II state. 


EXPERIMENTAL PROCEDURE 


The source used was a 220 volt d.c. arc drawing 9 amperes. Spectrograms 
were obtained upon xenocyanine plates recently developed by the Eastman 
Kodak Company. These plates were hypersensitized with ammonia and ex- 
posed for nine hours in order to obtain sufficiently strong spectrograms. The 
dispersive apparatus was a 21-foot grating mounted stigmatically. Plates 
were taken in the first order, the dispersion for this region being 4.78A per 
mm. Second and third order iron lines were used for the comparison spec- 
trum. 


ROTATIONAL ANALYSIS 


The rotational analysis of the 0, 0 band vields the six main branches. The 
satellite,’ Pi. and *R.;, branches are not strong enough to permit of identitica- 
tion. In the region to the violet of the 1, 1 band, the six principal branches of 
the 0, 0 band account for virtually all the lines observed. For the equations 
giving the term values and for the combination relations reference is made to 
the article of Jenkins, Roots and Mulliken. Table I gives the wave-numbers of 
the various branches of the 0, 0 band. The appearance of the bands is quite 
similar to that of the 8, 3 band of which a reproduction is shown in reference 
three. 


1 C. C. Kiess, Bureau of Standards, Journal of Research 8, 393 (1932). 
2 R. K. Asundi and J. W. Ryde, Nature 124, 57 (1929). 
3 F. A. Jenkins, Y. K. Rootsand R.S. Mulliken, Phys. Rev. 39, 16 (1932). 
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K"’ kR: Oz P, R, a P, 
55 | 290.91 282.27 
56 68.54 60.05 
57. | 45.77 37.30 
58 22.51 | 14. 27 
” 198.90 190.77 
60 74.90 66.89 
61 50.53 | 42.60 
62 5.76 17.95 
092.84 


ALLAN E. PARKER 


TABLE I. (Cont.) 





63 00.63 


The combination differences for the 7X state have been computed from the 
expression 


RK — 1) — Pi AK +1) = Ak) (K). 


The values obtained have been compared with those for the 0, 0 transition 
of the violet CN band system as determined by Uhler and Patterson.* Un- 
fortunately the greater portion of the A.F,’’(K) values available from the 
*1I—*S transition are not obtainable from the violet band. The reason for 
this is that the P lines necessary for the determination of the combination 
differences are, for the most part, those in the immediate vicinity of the head 
of the band and Uhler and Patterson were unable to resolve them. There is 
good agreement between those values of A.F,'’(K) which are available from 
both band systems. The vaiue of By’’ obtained is 1.8906 cm! which is to be 
compared with 1.8904 cm, the value predicted from the B,’’ equation given 





by Jenkins, Roots and Mulliken. 


J R(J) —P(J) Ri(J)—Pi(J) 
193 137.41 

203 | 144.02 

213 | 150.92 

223 157.55 

23} 164.13 158.77 
243 | 171.09 165.37 
253 177.58 171.90 
263 184.39 178.56 
273 190.95 

28} 197.69 191.93 
293 204.22 198.52 
303 210.88 205.05 
313 217.55 211.71 
323 224.13 218. 29 
333 230. 64 224.80 
34} 237.42 231.32 
353 238. 16 
363 244.44 
373 251.21 
38} 258.14 











TABLE II. Combination differences A2F;' for the v=0 level of the "Il state. 











*H.S,. Uhler and R. A. Patterson, Astrophys. J. 42, 434 (1915). 
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Table II contains the combination differences for the *II state. By means 
of these values the various constants have been determined by the same 
methods as those used by the above mentioned authors. The values are 


Bo* 1/2 = 1.7404 cm™ 


ie 


Bo* 3/2 = 1.6410 cm~ 


By’ = 1.6907 cm=! 


D,’ = — 6.07 X 10-* cm™! 
A = — $3.3cm™! 
po = 0.009 cm™! 
go = — 0.0008 cm™ 


vo = 10905.12 cm™. 


The value of Bo’ is in excellent agreement with the value, 1.6903 cm™, ob- 
tained by extrapolation from the results of the analysis of other bands of this 
system. There is considerable inaccuracy in the determination of the values of 
po and g as the P branches could not be measured in the region of low K 
values. Furthermore the value of A is slightly higher than that obtained from 
the higher vibrational levels of this electronic state. 

The analysis of the 1, 1 band has not been carried out due to the fact that 
the lines of low K value were absent from the spectrograms obtained. The 
two Q branches are easily identified and may be followed to quite high K 
values. There is also evidence of the R branches. 

The author wishes to thank Professor W. W. Watson for his generous 
assistance and advice. 
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The Dirac Electron in Simple Fields* 


By Mivton S. PLesset 
Sloane Physics Laboratory, Vale University 
(Received June 6, 1932) 

The relativity wave equations for the Dirac electron are transformed in a 
simple manner into a symmetric canonical form. This canonical form makes readily 
possible the investigation of the characteristics of the solutions of these relativity 
equations for simple potential fields. If the potential is a polynomial of any degree 
in x, a continuous energy spectrum characterizes the solutions. If the potential is a 
polynomial of any degree in 1/x, the solutions possess a continuous energy spectrum 
when the energy is numerically greater than the rest-energy of the electron; values 
of the energy numerically less than the rest-energy are barred. When the potential 
is a polynomial of any degree in 7, all values of the energy are allowed. For poten- 
tials which are polynomials in 1/7 of degree higher than the first, the energy spec- 
trum is again continuous. The quantization arising for the Coulomb potential is an 
exceptional case. 


1. 


N HIS treatment of the reflection of the relativity electron at a potential 

jump WKlein' found a paradoxical behavior of the Dirac electron associ- 
ated with the possibility of the existence of states of negative kinetic energy. 
He showed by an ingenious treatment that the reflection coefficient for elec- 
trons incident upon a discontinuous potential jump of height P varied with 
P from the value zero for P =0 to the value unity for P= W—mece? (IW being 
the energy of the incident electrons). For this last value of P the momentum 
p associated with the transmitted beam had the value zero, and as P was 
increased beyond W— mc? this momentum became imaginary and the reflec- 
tion coefficient remained unity until P attained the value W+mc*. The re- 
sults thus far are exactly what would be expected. If P is increased further 
one enters the domain of negative kinetic energy wherein the group velocity 
and the momentum in the transmitted beam are oppositely directed; also the 
reflection coefficient falls off from the value unity and approaches the value 
(W-—cp)/(W+cp) as P is indefinitely increased. Thus by a transition to a ~ 
state of negative kinetic energy the Dirac electron has apparently an appreci- 
able probability of penetrating a barrier of infinite height. Bohr suggested 
that this peculiar result might be due to a jump in potential of the order of 
mc? over a region of the order of the Compton wave-length //mc. It is within 
a region of the order of h/me that the internal structure of the Dirac electron 
and the accompanying “trembling” phenomenon? manifests itself. This 
supposition of Bohr was verified by Sauter*® who treated the problem of the 


* The results of this paper were presented at the Washington meeting of the American 
Physical Society (April, 1932). 

'Q. Klein, Zeits. f. Physik 53, 157 (1929). 
‘. Schrédinger, Preuss. Akad. Wiss. Berlin, Ber. 24, 418 (1930). 
* F. Sauter, Zeits. f. Physik 69, 742 (1931). 
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Dirac electron passing through a potential barrier in which the rise of poten- 
tial was taken to be linear. Sauter then showed that the transmission co- 
efficient was very small for a rise in potential P > W+mce?. 

Here we shall discuss analytically the nature of the stationary solutions 
of Dirac’s equations for continuous potential functions of a more general type 
than those heretofore considered. A simple familiar method of treating these 
equations will be used. The results secured are perhaps unexpected on the 
basis of the corresponding results for the nonrelativistic treatment. 

2. 


The relativistic equation of Dirac* for an electron of charge —e is 


j W ec e c 
+ ty tape +=.) + a4( p+ - Ay) 
c Cc c Cc 


a a.(p. + bs 1.) + pane! vY=0. (1) 
c ; 


We shall suppose that A = 0; then Eq. (1) may be expanded as follows 
(W/e — V/e + me)¥, + (ps — ipy)Vs + ps = 0 
(W/e — V/e + mo)WVe + (pr + ipy)Vs — pv, = 0 
(W/e — V/e — mos + (ps — ipy)Ve + pi = 0 
(W/e — V/e — mo), + (pe + ipy)Vi — pe = 0 


where we have put V for the potential energy —eAo. The expansion of (1) 
into (2) corresponds to these choices of the a’s and p; 


1 0 0 0 
0-1! 0 0 


0 0 0 1) fo 0 0 =i 
0 oOo 1 0 0 Oo G 0 
a; = ’ ay = 7 9 
oO 1 0 0 0-i oO 0 
1 0 0 o/) io oo) 
fo 0 1 0 ft 0 0 0) 
0 Oo oO-1 oO 1 0 0 
a; = ’ oo 


0 0 0 —1 


We shall consider first the case for which V is a polynomial’ of any degree in x, 


q 
V= > 4.2", (O<qg< x) (3) 


n=0 


*P. A. M. Dirac, The Principles of Quantum Mechanics, p. 243. 

5 The case of a uniform field, V =ax, has been treated by Sauter, Zeits. f. Physik 69, 742 
(1931), and that of the simple harmonic oscillator, V=ax*, by K. Nikolsky, Zeits. f. Physik 62, 
677 (1930); the methods used in these cases differ from that used here and are perhaps not so 
readily capable of generalization as the present method. 
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and we shall seek solutions of the form 
VW = (exp 2ri(pyy + pis — Wt)/h)p(x) (4) 

so that the components of ¥(x) satisfy these differential equations 

dy dni ( woo 

eh ae {iba — po + (— ——— me }vae; 

dx h c c ; 

dps 2ri { W V 

— a ae Oe ee mc) ¥3e5 

h \ c 


C 


dps 2ri (/W V ™ 
a {(— ——+ me) vo t+ ip ws — pant 

dx h c c 

ly. dri We V 

Ws —=——- st (— ——-+ me) + p¥3 — ipwat. 

dx h C c J 


In view of (3) it may be said that every finite value of x corresponds to an 
ordinary point of the system of differential equations (5); hence for all finite 
values of x the solutions of (5) are not only finite but analytic. The points 
at infinity, x=+, are, however, irregular singular points of Eqs. (5) of 
rank g+1. The behavior of the solutions of (5) in the neighborhood of these 
singular points will now be investigated. 
We consider the possibility of formally satisfying Eqs. (5) by a set of 
normal solutions of the type 
Vi = u(x), (i=1,---4) (6) 
where u;(x) is assumed to be regular in the neighborhood of |x |=, and 
Q(x) = axtt!/(g + 1) + Bxt/g +--+ + Ax. (7) 


The permissible values of a are determined by the characteristic equation 


—a 0 0 a 
0 —a a 0 
0 a —-a 0 
a 0 0 —a 


= 0; a = 2ria,/hc. (8) 








The roots of this equation, which are both double, are 
a= +a= + 2ri-a,/he; (9) 


the fact that there are only two distinct roots of Eq. (8) indicates that there 
are only two independent sets of solutions of the system of Eqs. (5). We trans- 
form Eqs. (5) into an analytically symmetrical form by the simple trans- 
formation 


vi’ = (1/2"*)(vi + a); 
v2’ = (1/2"?) (Ye + Ys); 
Ws’ = (1/2!) (v2 — vs); 
ws = (1/2"?)(i — Wa). 


(10) 
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The matrix of the constants in the linear transformation (10) 


1/220 0 1/212 
O 1/22 4/22 9 
— =C (11) 
O 1/2"? -1/22 0 
1/22 0 1/212 


generates a unitary transformation of the matrix of the determinant of the 
characteristic equation into the diagonal form 





—-a+t+a 0 0 0 
0 —-at+a 0 0 
(12) 
0 (0) —-a-a@ 0 
0 0 0 ~eg~e J 
The “canonical” form of the system of Eqs. (5) is 
dy’ ari ((W OV 
— = — =4(— — wi -_ ps’ + (mc + ipy)Ws’ \; 
dx h c c 
dy,’ 2ri(/W V 
i: saa Saabae {(— - —) ve + (mc — ipy) bs’ + pas’ ; 
dx h c c 
(13) 
dy;’ 2ri ‘ ’ 
i {bab — (me + ipye! - (— - —) v3" 
dx h j 
dy,’ 2r 


W | 
ne Mids — mows! = pad — (— — -) i" 
dx 4 . 


We are assuming solutions of this system of Eqs. (13) of the form (an ad- 
ditional subscript s is introduced to distinguish the two sets of solutions) 


Vis’ = e@s >) ys B(x); Yo." 
Ws = e@s\>) y#e B3.( x); Was’ 


622) y#s Bo. (x) ; 


(s=1,2) (14) 


6%s(2) pHs By. (x); 
where 

Os(x) = agxtt"/(g + 1) + Bsx9/g + °° + AX; (15) 
and 

B,s(x) = Br + ByYa-! + By@ax-? +--+. (16) 


The constants of the solutions (14) are evaluated by direct substitution into 

Eqs. (13). Of the two sets of formal solutions the first may be written as 
vir’ = ef By + By Ce Y/eet +... 4} 

e2(2) { Bay + BoP /x-! + - + | 

e%(2) { Bs,(9 / x2 + eee } 

22) By O/xa fe. } 


< 
ro 
~ 
~ 
ll 


(17) 


<< 
— 
= 
~ 
I 














282 MILTON S. PLESSET 


where 
Zi J. @2** 2rilx ae 
Ox) = > — —- (17a) 
te y-9 N+1 he 
It may be shown by examination of the recurrence relations which determine 
the B’s that ¥’;, and W2;’ are linearly dependent as are also Y’3; and W’4,;. The 
second set of solutions is 


Vis? = As!) ) Big’) /xt + 
Poe! = 6%) Boy xt + , 
; , (18) 
Vso = €82)) Bao” + BaP yeh + 
Wie = €82'2)) Bao” + By? (xt + 
where 
Pars q n+l De ttn’ os 
2ri G5 2Jrill x 
all ew ten BE Sas ee (18a) 
he j-o9 N+1 he 


Again Yi.’ and Yeo’ are linearly dependent as are also Ws.’ and Yo’. We have 
further that only the constants B,,", Bs;', By’, By are arbitrary. 

We wish to use the solutions (17) and (18), which we have found to satisfy 
the canonical equations (13) formally, to discuss the behavior of the true 
solutions for values of x numerically large; this use requires a rigorous justifi- 
cation since it follows from the recurrence relations for the B’s that the infi- 
nite series B,,(x) do not in general converge for finite values of x. This justi- 
fication might be carried out by eliminating as follows from the canonical 
Eqs. (13). Put 


yp,’ e220 nix); Yo’ = c8@ n(x); 
y;’ 


where Q(x) is the polynomial given above in (17a). Then the simultaneous 
Eqs. (13) give readily 


(19) 
CP s(x), Pal = eur); 


d7t3 dri, _ dts 
— — V(x) — Wy— 
dx? he dx 
+ 4dr { dV xe + 4 | 0; (20) 
— <8 - —(p,* 2 + m*c*) ¢ us = 0; (20 
he \ dx h Py p § 


uy satisfies the same equation as “3. We get also 


ad? Ani ; a dity 42° . : i 

—— — V(x) — Wi — — 1 F OPe® + rc? im, = 0; (21) 

dx° he dx h* 
and tf satisfies the same equation as “;. The symmetry and simplicity with 
which elimination can be accomplished to give Eqs. (20) and (21) show the 
analytical advantage of working with the canonical form of Dirac’s equations. 
If elimination were attempted directly upon Eqs. (5), the result would be an 
extremely unsymmetrical set of equations.® Eqs. (20) and (21) show that the 


6 This analytical lack of symmetry holds also for Weyl’s expansion of Dirac’s equation. 
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points x= + © are irregular singular points of the functions u;(x) as well as 
of the functions y,’(x). Instead of proceeding further with Eqs. (20) and (21), 
it is more convenient to treat the canonical Eqs. (13) directly. These equa- 
tions, now considered in the complex plane, have as solutions the generalized 
Laplace contour integrals 


Qs (tet) / (G41) 
v,. = (exp 8,3°/¢g+---+ no) f (expo (5 _ ) 
“s q+1 


u Qs (22) 
Dstouin(s - )av. 


q “4 


The contour C, is a loop circuit about ¢=a,/(¢+1) such that the real part 
of [s¢+*}¢—-a,/(¢g+1)}] is negative along its ray. The functions ¢},’ are 
analytic functions (determined by (13)) in the neighborhood of ¢ =a,/(q+1). 
These contour integrals (22) are precise solutions of the canonical equations; 
the asymptotic expansions’ of these contour integrals, valid in certain sectors 
of the s-plane which may be so taken as to include the real axis, are exactly 
the formal solutions (17) and (18) written above.’ Therefore these formal 
solutions have significance as the asymptotic solutions of Eqs. (13). Their 
use in discussing the behavior of the solutions of (13) for numerically large 
values of x is thus justified. The importance of using the canonical form of 
Dirac’s equations is here apparent; for, if formal solutions of the type (6) 
were attempted with the original Eqs. (5), a divergent expansion would re- 
sult which would be meaningless. 

We may now say from Eqs. (17), (17a) and (18), (18a) that the com- 
ponents of the Dirac wave function, remain finite as x becomes infinite; 
further we have 


— 
tw 
ww 


a 4 
i) Dwvwitdx < c(a), 
i 


where c is a finite number, since the functions y; are finite and analytic for 
all finite values of x. And if the constant a is sufficiently large (b >a), 


b 4 b 4 
i) Dviwitdx x (b— a); i) Dvwitdx x —(b— a); (24) 
a 1 —a l 


that is, the integral square becomes proportional to the domain of integration. 
The wave functions exhibit, therefore, quite common characteristics of the 
wave functions associated with a continuous energy spectrum. It is thus clear 
that the Dirac electron possesses a continuous spectrum with all values of 
W allowed for a potential field which is a polynomial of any degree in x. 


3. 


Let us now consider potential fields which are polynomials in 1 /x, 
q 
V(x) = Soar. (Ocq<exu) ( 


n=0 


tw 
wa 
— 


7 Asymptotic expansions in the sense of Poincaré. 
8 Cf. E. L. Ince, Ordinary Differential Equations p. 484. 
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It is evident from the discussion given above that we may make the simplify- 
ing assumption p, =p, =0 in Eqs. (5) without affecting the generality of the 
results secured. Then Eqs. (5) become 


dy, 2ri 

— = — —(W — mc? — VV); (26a) 
dx he 

dye 2ri 

— = — —(W — mc? — V)yp3; (26b) 
dx he 

dy; ri " 

— = — —(W + me? — Vo; (26c) 
dx he 

1 2ri 

dys — <a ~(w + mc- _ Vy. (26d) 
dx he 


The complete behavior of this system of equations may be determined by 
considering only Eqs. (26a) and (26d) since this pair of equations has the 
same form as the pair of Eqs. (26b) and (26c). For the potential function 
given in (25) the system of Eqs. (26) has an irregular singularity at x= +2 
of rank unity and an irregular singularity at x =0 of rank g—1. 

To investigate the behavior of the solutions in the neighborhood of the 
origin we proceed by the method given in $2 above. The transformation to 
the canonical form of (26a) and (26d) is given by 


v’ _ (1/2"/*) (vi + vs), 





: ee (27) 
Yo - (1, 21/2) (Wy — v1), 
so that Eqs. (26a) and (26d) become 
dy,’ 2ri 
i | [WwW — V(x) }y + mere’ |; 
dx he 
(28) 
dy.’ 2ri, ; . , 
—— = —{mcp + [W — V(x) ]2’}. 
dx he 


To make the analytical procedure of §2 completely applicable we need only 
put x=1/y in Eqs. (28) to get 


dy,’ Qri 1 : 
fe o( Yer} 
dy he y* , 
dy! ee one Pini jm + lw ~—s v(-)| vt . 
dy he y* / 


We now consider the behavior of the solutions of Eqs. (29) for values of 
y numerically large. We assume, as before, formal solutions of the normal 


type 





Vrs = e% (uv) ye Bey) (r,s = 1,2) (30) 
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where now 
asyt! B.y?-* 
0.(¥) - + + _- + AsV 
g~t ¢=-3 





and as before 
B,s(y) - B,s° + B,,Yy" + "== # 


By direct substitution it is found that the asymptotic solutions have the 
form 





2ri aq a q-2 i] 
Vrs (¥) bys EXP \(- 1) [ye + ——y*"* + --- + @, log y| (31) 
he lq-1 q-2 f 


where 6,, is the Kronecker delta. From Eq. (31) it is clear that the solutions 
of Eqs. (29) remain finite as y approaches infinity for all values of W; that 
is, the solutions of Eqs. (28) remain finite in the neighborhood of x =0. The 
origin, x =0, does not, therefore, give any limitations on possible allowed 
solutions of Eqs. (28) or (26). 

We must now investigate the behavior of the solutions of Eqs. (26a) and 
(26d) near x = + ©. The characteristic equation for (26a) and (26d) is 








2ri 
—a — —(W — mc? — ao) 
he 
; = 0); (32) 
2r1 
— —(W + mc? — ao) —a 
he 
so that 
a=+ (2m/ hc) { m2c4 —-(W- ay)? } 1/2, (33) 


We may secure a canonical form of Eqs. (26a) and (26d) by putting 


Vi = a,'/2(y)’ — Yo’) 











Rasy ; (34) 
Ws = a2! *(Wi' + Yo’) 
where 
1 1 
— = (W + mc? — ao); — = (W — mec? — ay). 
ay de 
Eqs. (26a) and (26d) then become 
dy’ =f (IW — ap) \ 
—=-— 2c4 — (W — ao)? }'/* +—— V — ao) r 
dx he \ “ ( a0)? [m2ct —(W — ay?) ~ f mi 
2x mc? (v ya! (35a) 
—_ — — do)¥2 ; Ia 
he [m2ct — (W — ao)?]!/2 7 
dy! 2 mc? 
~ = sa : : (V = dy)hi' 
dx he [m%ct — (W — ao)?]*? 
(W — ao) 





2 
aa = ‘ [m2c4 —- (W- ag)? }!/2 + (V—- a) Yo’. (35b) 
hc 


[m%ct — (W — ao)?]"2 
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The formal substitution into Eqs. (35) of solutions of the normal type gives 
the asymptotic solutions of these equations. The asymptotic solutions are 
readily found to be 


Wis! = ewst yHs§ (r, $= # 2) (36) 
where 
Jr . . »- 
a= - -[mect — (MI — dy)*|''* = — as, (37) 
he 
and 
ar (Wo — do)dy , 
n-- = — po. (38) 


he [meet — (Wo = ao)? |"? 

If (Way)? > meet, it is evident from Eq. (36) that the solutions of Eqs. (35) 
are all finite at infinity; all such values of W are allowed so that a continuous 
spectrum arises. If, however, (]V’—ao)? <m'ct, Eq. (36) shows that it is not 
possible to find solutions of (35) which remain finite both at x=+% and 
at x= — x. Hence there are no proper solutions in this band; these energy 
values are barred. 


4. 


We now turn to the case in which the potential function depends on r 
alone. To examine the characteristics of the Dirac equations for this case we 
may begin with the radial equations in the form in which they are given by 
Dirac? 


dR, ] 2r_. 
—— =— RK, +{(b. + —Vi(r)) Rp (39a) 
dr r he 

GG = +1, +2, ) 
dR, ] 2r_ 
—— = — — R,+ 1), — —Vi(r) )R, (39b) 
dr r Ta 


where 


b, = 2x(me? + W)/he; bs = 2x(me? — W)/he. 


The type of potential to be considered first is that for which V is a poly- 
nomial of any degree in r 


q 
V= Soar". (0<q< x) (40) 


n= 


With V(r) given by (40) Eqs. (39) for R, and R, have an irregular singu- 
larity at r= * of rank g+1; the origin, r=0, is a regular singular point; and 
all other points are ordinary points. We consider first the nature of the solu- 
tions in the neighborhood of r= ~ . The characteristic equation is 


® Dirac, The Principles of Quantum Mechanics, p. 252. 
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| —@ 2ra,/he | 2ri 
|}=0; a= t— ay. (41) 
— 2ra,/he —a he 
The transformation to a canonical form is given by 


R, = (1/2'*)(vi — tHe) 


(42) 
Ry = (1/2''*)(— thi + 2) 
and the canonical form of Eqs. (39) is 

dy ari, j 2rmc j \ 
—- =—-|W — Vwi + 4 —— _ — i— 7 oe: (43a) 
dr IC vi ] h r f v . 
dye { 2rmc i) 2ri 

= 4¥——- + i— ph, — — |W - Ve. (43b) 
dr Loh rfr' he | i? 


The asymptotic solutions of Eqs. (43) may be readily found to be 


Ir? q 
Wns F4bmns EXP io y= z. m3 gett wrt. (m, s = 1, 2). (4°) 
he no A+ 1 f 

From (44) it is seen that the solutions of Eqs. (43) remain finite as r ap- 
proaches infinity and exhibit an integral square behavior like that discussed 
above. The irregular singular point at infinity, therefore, does not contribute 
any limitation on permitted energy values. 

The singularity at the origin is regular so that in the neighborhood of the 
origin solutions of the form 


Ras r=-( B.,° + B..“* r + B.," r° 4+ ym ) (45a) 
Ros r*( Bas + BosOr + By Or? +--+) (45b) 


satisfy the radial Eqs. (39). From the permissible values of a, as determined 
by the characteristic equation for this case, a= +/, it is evident that there 
is always one solution finite at the origin. Combining this result with that 
given in (44) we may say that there is always a solution of the radial equa- 
tions which for all values of TW is finite everywhere and which possesses in 
addition a well behaved integral square for large values of r. Hence for po- 
tential functions which are polynomials of any degree in r the equations of 
Dirac give a continuous spectrum with all values of W allowed. 


S. 


Let us consider finally the case for which the potential function V(r) 
is a polynomial in 1/r 
q 
V(r) = yar". (O<q< x) (46) 
n=0 
With this potential function the radial Eqs. (39) have an irregular singu- 
larity at r= © of rank unity; the roots of the characteristic equation are 


» 


ay = (24/he)[m2c4 — (IW — ao)?|"2 = — ae. (47) 
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The transformation 





Ra = (b2 + 2rao/he)'!*(W, — pe) 
C L (48) 
Ry = (6; — 2mao/he)'*(h, + Yo) 
gives the canonical form 
dy, dr j : CW - do) l 
—- = — 4 [m*ct — (W — ao)? ]!/? - ————_____ (Ve — ao) 
dr he | , o0)*1 [m2ct — (Wo — ao)? a a "a ) " 
j J 2r mc i] 
+4 -—+- OV — a) , 49a 
r h [m%ct — (IW = ag)?]}! 2 | § ai _— 
de j or mc 
- = +e + -— ememaneen ice ag (V aad a) vi 
dr r t [met — WW — do)?]? 
ar ( CW - ao) 1 
— — 4 [mc — (W — ao)? ]!/? + ——— — do) ¢ v2; (49b) 
i ; | + Tne _ a _ - ao)? nu al "| ms 
and the asymptotic behavior of the solutions of Eqs. (49) is given by 
Vrs = ets" #36, (Y, 5 = i. 2) (50) 
where 
2r (iW — ao) 
a = ; 4 = Me. (51) 


re “qaqa 
he |m%ct — (W — ag)?]"2 


It is evident from (47) and (51) that for (I1W—ay)? > mc! all the solutions re- 
main finite as 7 approaches infinity; and for (W—day)?< mc! there is one 
finite and one infinite solution at r = «. 

To investigate the singularity at the origin, r=0, it is only necessary to 
make the transformation 7 = 1/y in the canonical Eqs. (43). If g=1, that is to 
say, if the potential is a Coulomb potential, y= % is a regular singular point 
and regular solutions may be found as follows 


re = y%(By + Bp y-! + B,@Dy-2 ++) (52) 
where the exponent a, is fixed by the characteristic equation 


— a — 2ria,/he — i 
m —— = 0; a = + (j? — 4r%a,?/h2c?)"/?. (53) 
1) — a+ 2ria,/he 


These values of the exponent a are, of course, precisely those found in the 
treatment of the hydrogen atom.'® From (53) it is evident that there is one 
finite and one infinite solution at r=0; also for r= there is one finite and 
one infinite solution for (W—ao)*< m°ct (by Eq. (50)). These are exactly the 
conditions which lead to quantization. 


1 Dirac, p. 253. 
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Such is not the case, however, when g>1. For these potential functions 
the origin, r=0, is an irregular singularity. The behavior of the solutions 
may be investigated by means of Eqs. (43) by the same methods as those used 
previously. The asymptotic solutions are readily found to be 


f 2rif ag, 
Vrs(¥) = 6,, exp \- 1)s+! - =| — yo! 
he ¢- 1 


+ Peinoe yo? + ---+ a, log y|} ~ (y=1/r) (54) 
q-2 ) 
From (54) it is clear that when g>1 all the solutions of (43) remain finite in 
the neighborhood of r =0 for all values of W. From Eq. (50) it was seen that 
there is always one solution finite at infinity for all values of W. Combining 
(50) and (54), we see that a continuous energy spectrum always arises when 
the potential function is of the form 


Vir) = ao + a,/r + ae/r? +--+ + a,/r’. (q > 1) 


We may discuss briefly the analytical source of the difference in the 
results found for the potentials V=1/x and V=1/r. We note that for the 
potential 1 /x Eqs. (29) retain their canonical form; that is, the highest power 
of y in the expression for dy,’ /dy occurs in the coefficient of y,’. The general 
result (31), therefore, remains applicable to this case also. For the potential 
V=1/r, however, Eqs. (43) (transformed by r = 1/y and considered for y~ ~ ) 
do not have the canonical form because of the presence of the terms involving 
j; thus, this potential must be considered apart from those which contain 
powers of 1/r beyond the first. The general result (54) is not at all applicable 
to the Coulomb potential. 

We may note further here that, if the potential function V(x) is of the 


form 
q 


V(x) = Soa,x*, (O< p,q< @) 
r=—p 
a continuous spectrum arises with no values of W barred. Similarly, if the 
potential V(r) contains direct as well as inverse powers of 7, all values of W 
are allowed. 
6. 


By writing the relativity equation of Dirac in a symmetrical canonical 
form it has been possible to make deductions of a quite general nature re- 
garding the characteristics of the stationary solutions for simple potential 
fields. The results here presented for the potential fields which are poly- 
nomials in x or r give an analytic generalization of the Klein paradox. We 
may note also that these potential functions will rise by more than mc* over 
a region of the order of /mc if sufficiently large values of x or r are taken." 
Hence the hypothesis of Bohr advanced to explain the results of Klein is 
analytically verified for these general cases also. 


" We are referring now to polynomial potentials of degree higher than the first. 
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Such an argument cannot perhaps be so clearly applied to explain the 
results here presented for potential fields which are polynomials in 1/x or 
1 ry since with these potentials the steep rises occur toward the origin. For 
the Coulomb potential by taking sufficiently small values of r a rise in poten- 
tial of mc* in a region of the order of a Compton wave-length may be secured, 
and yet this potential gives eminently satisfactory agreement with experi- 
ment. If the potential contains higher powers of 1 7 as well as 1/7, then, as 
Was stated above, continuous spectra result. Here there is striking disagree- 
ment with the results of the nonrelativistic Schrédinger theory; for example 
potentials of the tvpe a r—b,r* applied to oscillating rotator models have 
been shown" to give a discrete spectrum in satisfactory agreement with 
observed spectra. 

We may observe, however, from a purely classical point of view that none 
of the potentials here discussed (except the Coulomb potential and the linear 
potential ax) satisfy Laplace's equation. Classically, then, these potentials 
correspond to a continuous distribution of charge. The relativity theory of 
the electron is not sufficiently advanced, possibly, to deal with such a com- 
plicated physical situation. It should perhaps not be held at fault for giving 
peculiar results for potential functions which are over-simplified and in that 
over-simplification correspond to an over-complicated electromagnetic 
mechanism. 

In conclusion the writer takes pleasure in expressing his appreciation to 
Professor Page for his kind interest in this work. 


2 Cf. A. Sommerfeld, Wellenmechanischer Erginzungsband, p. 24 ff. 
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The Infrared Absorption Spectrum of Carbon Dioxide 
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The complete infrared spectrum of CO. may consistently be explained in terms of 
a linear symmetrical model, making use of the selection rules developed by Dennison 
and the resonance interaction introduced by Fermi. The inactive fundamental », 
appears only in combination bands, but v2 at 154 and »; at 4.34 absorb intensely. 

Resolution of the fundamentals », and »;.—The 15 band has been resolved into 
several constituent bands corresponding to absorption by the normal molecule, and 
by molecules in the first and second excited states. Each band consists of a narrow 
and intense zero branch, with equally spaced rotation lines on either side. The 4.34 
band has also been resolved, best results following a material reduction in the CO, 
content of the atmospheric path. The line spacing is the same as in the 15u band, and 
there is no zero branch. In each case alternate rotation lines are absent, the J values 
for the normal state all being even. The computed moment of inertia is 70.8 x 10~*° 
gr cm?. 

Harmonic and combination bands.—No first harmonic bands appear, either for v2 
or vs, but the second harmonic has been observed in each case. The strong pair of doub- 
let bands at 2.74 are interpreted as combination bands corresponding to v3+ | 71,202} 
and the bands at 2.0u and 1.6u are higher members of the same sequence. The differ- 
ences v3— | v1,22} explain the weak absorption maxima observed by Schaefer and 
Philipps at 9.44 and 10.4u. The difference bands »; — v2 form a part of the 15 pattern. 

Correlation with Raman spectra.—-The Raman lines corresponding to the transi- 
tions 0 | »;,2v2} and the weaker pair originating in the first excited state 1, of v» fit 
precisely into the energy level diagram obtained from infrared measurements. 


EASUREMENTS of the absorption due to carbon dioxide were among 

the earliest observations in infrared spectroscopy,' and,as apparatus and 
methods have gradually improved, these bands have been repeatedly re- 
examined.” Resolution of the rotational structure has not been achieved, how- 
ever, and even the character of the vibrations has been in doubt until quite 
recently. Three regions of fairly intense absorption are known; those at 2.7u 
and 4.34 were discovered by Langley, while the band at 14.9u was first ob- 
served by Rubens and Aschkinass. The most complete map of the spectrum 
from 1p to 15u is given by Schaefer and Philipps, and includes many bands 
of low intensity. These show the curious property that none of the frequencies 
are either sums or differences of others in the set, which, according to Denni- 
son,’ indicates a linear symmetrical molecule. Other evidence also suggesting 
that the three atoms of CO, lie on a line has been presented by Eucken‘ from 


1 Langley, Phil. Mag. 15, 153 (1883). Rubens and Aschkinass, Astrophys. J. 8, 176 (1898). 

2 Coblentz, Carnegie Inst. Pub. 35 (1905); Burmeister, Verh. d. D. Phys. Ges. 15, 589 
(1913); E. v. Barh, Verh. d. D. Phys. Ges. 15, 1150 (1913); Barker, Astrophys. Jour. 55, 391 
(1922); Ellis, Phys. Rev. 26, 469 (1925); Schaefer and Philipps, Zeits. f. Physik 36, 641 (1926). 

8 Dennison, Rev. Mod. Phys. 3, 280 (1931). 

* Eucken, Zeits. f. Physik 37, 714 (1926). 
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a consideration of specific heats, and by Stuart® who found no permanent elec- 
tric moment. However, not all of the experimental evidence has seemed to 
be consistent with this model. The lowest frequency fundamental, though 
unresolved, was observed as a broad doublet, instead of a triplet as would 
have been expected from linear molecules vibrating normally to their axes. 
Also the 2.74 band appeared as a pair of doublets of almost equal intensity, 
the explanation for which has not been obvious. 

We are now able to present observations on the two active fundamental 
bands at resolutions sufficient to reveal the rotational structure. These indi- 
cate that the molecule is in fact linear and symmetrical. Moreover, they may 
be satisfactorily correlated with the Raman lines and the whole series of com- 
bination bands, including the pair at 2.74, in such a manner as to leave no 
further doubt about the conclusion. 

The mechanical problem of the vibrations and rotations of a symmetrical 
linear triatomic molecule has been discussed in detail by Dennison.* The sym- 
metrical vibration vy; of the two extreme atoms along the line connecting 
them is optically inactive, since no change in electric moment results; it is 
not observed in the infrared. The symmetrical vibration v2 normal to the linear 
axis necessarily involves changes in electric moment having components 
along the axis of rotation, and must exhibit P, Q and R branches. It should 
correspond to the lowest fundamental frequency, observed at 14.9u. Hereto- 
fore this has been reported as a broad doublet band, except in the recent ob- 
servations by Sleator.® The third fundamental vibration v3 is an unsymmetri- 
cal one involving changes of electric moment normal to the axis of rotation, 
and giving rise to an intense absorption band at 4.34 with P and R branches 
only. On the basis of these assignments the approximate numerical value of 
vy; may be computed. It should lie between vz and v3, at a wave-length of 
about 8u. The combination relations are particularly characteristic. While 
Av; may be any integer, the value of Ave+Av; must always be odd. Many 
possibilities are thus excluded, among them the first harmonic bands. Q 
branches occur only when Ap, is odd. The most intense of the combination 
bands to be expected are v3+2v. and v3+v;, both doublets falling in the 
neighborhood of 2.7. 

Most of the equipment used in this investigation has already been de- 
scribed. The grating spectrometer of highest resolution is the one recently 
used for observations on N2O.7 Although very effective for measurements 
with small absorption cells it cannot conveniently be used with long gas paths 
for detecting weak bands, nor is it so arranged as to be easily cleared of at- 
mospheric components which absorb very strongly, making observations at 
certain wave-lengths almost impossible. Fortunately a second instrument was 
available which could be completely enclosed from source to thermopile. Al- 
though equipped with mirrors of shorter focus it gave a resolution sufficient 
to show the rotational structure of the 4.34 band when the concentration of 


5 Stuart, Zeits. f. Physik 47, 457 (1928). 
6 Sleator, Phys. Rev. 38, 147 (1931). 
7 Plyler and Barker, Phys. Rev. 38, 1827 (1931). 
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COz was considerably reduced. This instrument could be filled with almost 
pure COs, or with air practically free of COz as required, though it could not be 
evacuated. No absorption cells were used. The thermopile was a particularly 
good one, kindly supplied to us by Dr. Hardy, and, when connected with the 
Firestone amplifier and recording apparatus, * made continuous photographic 
records possible. We are indebted to Professor Randall for a thin KBr prism 
(angle 10°) made from a crystal grown under his direction and especially 
useful for observations beyond 15y. 


THE Low-FREQUENCY FUNDAMENTAL P2 


In determining the form of the CO, molecule a study of the lowest fre- 
quency fundamental band is crucial. Fig. 1 shows a series of energy curves 
for this region traced from the photographic records obtained with a com- 
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Fig. 1. Development of the 154 band with increasing amounts of CO). Equivalent path lengths 
in cm at 76 cm pressure: 0.004, 0.05, 0.23, 0.68, 1.58. 


pletely enclosed spectrometer using a coarse grating (960 lines per inch) and 
1 mm slits. The narrow and intense zero branch is most striking. The whole 
case was washed for many hours with air from which the CO, had been re- 
moved, but a trace of this central maximum still persists in the upper curve. 
Small measured additions of gas very rapidly increase the intensity of the 
absorption. The estimated percentage absorbed at the peak has been plotted 
in Fig. 6 as a function of the equivalent length of path. The curves of Fig. 1 
also show the development of the three secondary maxima described by 
Sleator, which lie at 13.9u, 15.44 and 16.2u. 

Energy curves for this same region under higher resolution are shown in 
Fig. 2. These were taken with a grating having 1200 lines per inch, used with 
a thin KBr foreprism. The slits included about 0.45 cm~'. For the central 
portion the absorbing medium was about six meters of ordinary atmosphere, 
the equivalent path length in CO, being approximately 0.25 cm. The two 
lateral portions were obtained by increasing the quantity of CO, about one 
hundredfold. The structure of this absorption region is clearly revealed, and 


§ Firestone, Rev. Sci. Inst. 3, 163 (1932). 
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though. relatively simple, it is somewhat unusual. In addition to the strong 
central band with its P, Q and R branches, we find two of the secondary 
bands already mentioned, similar in structure and symmetrically placed at 
about +50 cm~! from the center. Beyond these on either side and about 
20 cm~ farther out another sharp maximum of lesser intensity is found. The 
symmetry in arrangement and intensities is most striking, and assumes par- 
ticular interest when the pattern is compared, as in Fig. 3A with the Raman 
spectrum observed by Dickinson, Dillon and Rasetti.* In fact this compari- 
son provides an important means of checking the final interpretation. It 
should be remarked that the curious dip in the curve at about 697 cm~! upon 
which the rotation lines are superposed, is not characteristic of COs, as it does 
not appear in the curves of Fig. 1. 

Dennison’s analysis of the motion associated with the frequency vs as- 
signs to each level two quantum numbers, of which V, the principal one, re- 
fers to the vibration state, while the subsidiary number L measures (in units 
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Fig. 3. Vibration levels and transitions involving »; and v». 


of h/2r) the angular momentum about the linear axis which is introduced 
by the two dimensional vibration. Any transition in V is permitted, but L 
must change by +1 when AV is odd, and by 0 when AV is even. Combina- 
tions of these transitions with vy; are also possible, and in particular vy; — v2 may 
lie very close to v2. As has been shown!’ it is possible to interpret all of the ob- 
served CO, bands by this scheme, but not without certain curious intensity 
relations, and no explanation of the symmetry of the pattern is thus pro- 
vided. Recently a modification has been introduced by Fermi! to take ac- 
count of the interaction between the levelsv; and 2v2. This has been further de- 
veloped by Dennison,” and in his notation has been introduced in the level 


® Dickinson, Dillon and Rasetti, Phys. Rev. 34, 582 (1929). 

1 This analysis of the absorption bands and its correlation with the observed Raman 
spectra, including the weaker transitions originating in the first excited state 1,, were first 
reported at the Washington meeting of the Am. Physical Society in May, 1931. Phys. Rev. 37, 
1708 (1931). 

1 Fermi, Zeits. f. Physik 71, 250 (1931). 

Dennison, Phys. Rev. 41, 304 (1932). 
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diagram of Fig. 3B. When the carbon atom vibrates along a line normal to 
the molecular axis it is clear that the two oxygen atoms must swing along 
ares so that the distance between them changes slightly, with two minima 
and two maxima per oscillation; i.e., the motion has a symmetrical com- 
ponent parallel to the axis, with frequency 27. This component alone is, of 
course, optically inactive. For CO, it happens that the frequencies v; and 2r2 
are almost exactly identical, so that a resonance interaction between them 
produces a pair of combined states (states whose wave functions are linear 
combinations of those appropriate to v; and 29v2) separated rather widely 
and almost symmetrically with respect to their unperturbed position, which, 
of course, would not have been far from the level 22. A similar coupling occurs 
between succeeding pairs of states of like character,such as 3, v2, and vy; + 1,72. 

The motion in the states designated 1, 2s, 33 etc., is peculiar since it does 
not involve changes in the distances between atoms; the molecule is no longer 
linear but forms a very obtuse triangle which rotates without deformation 
about an axis parallel to its base. This motion is not coupled with »,, for no 
longitudinal oscillation accompanies it. Further, since there is no change in 
polarizability of the molecule during the motion, there can be no Raman tran- 
sitions terminating at these levels.“ Thus, none of the transitions 091), 
Oo— 22 or 1,3; is represented in the Raman spectrum. 

The explanation of the patterns in Fig. 3A follows at once from this 
scheme of levels. The two strong Raman lines originate in the state 0o, and 
the two weaker ones in the first excited state, as previously suggested.'’ The 
relative populations of these levels are as 13 to 1 (state 1, has a double 
weight). Infrared transitions to the same final states occur from 1, and 2.2 as 
common initial levels, the population ratio here being 26 to 1. The line 00> 1, 
lies almost exactly at the midpoint, its frequency practically coinciding with 
that determined for 1,;— 2:2 by subtracting 741.0 (2.—3,) from the Raman fre- 
quency 1408.4. This indicates that for vg the anharmonic term is very small, 
and also that v,; and 2v. must coincide very exactly. It is not possible to 
locate the level 33 experimentally since the only line in which it is involved 
(2233) is completely masked. 

The precise determination of the frequencies corresponding to the transi- 
tions indicated in Fig. 3 is rendered somewhat difficult by differences in con- 
vergence, which shift slightly the maxima of the observed zero branches, 
sometimes toward higher and sometimes toward lower frequencies. However, 
utilizing the combination principle, a consistent set of term values has been 
selected in which the errors probably do not exceed one half of a wave number 
(except for the level 3; which is not observed directly). These term values 
are listed in Table I, column 3. The positions of the vibration bands computed 
from them appear in column 4, while columns 5 and 6 show the observed 


3 As a result of discussions with Professor Kramers during the 1931 Summer Symposium 
in Ann Arbor we had already reached the conclusion before Fermi's paper appeared, that an 
interaction of this sort must be invoked to explain the infrared and Raman lines, but details 
had not been worked out. 


4 Placzek, Zeits. f. Physik 70, 84 (1931). 
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wave numbers and the estimated relative intensities. A precise determination 
of intensities is not possible, for many of the lines are superposed upon a strong 
background, as in the case of 668.5 and 647.8. Furthermore, the differences 
in degree of convergence change the contours of the bands sufficiently so 
that some appear narrow and correspondingly more intense, while others are 
appreciably broadened. There is a tendency, also, to underestimate the ab- 
sorption coefficient in regions which are almost opaque, as at the central 
maximum. It is somewhat surprising that the line at 688.7 has not been 
clearly revealed, when the corresponding one at 647.7 shows so distinctly. 
Both lie in regions of strong absorption due to rotation lines of the principal 
band. The line at 545.1 has also eluded observation although a search for it 
was made with the coarse grating and a path length of 200 cm of COs. 


TABLE I. Term values and vibrational transitions involving vo. 











fr Initial state-————4 Vibration frequency Relative 
VY; V2 term value computed observed intensities 





Fundamental bands 


0 Oo 0 667.5 667.5 10,000 
720.9 720.9 250 
0 1, 667.5 668.7 668.5 -- 
618.3 618.3 250 
740.9 741.0 10 
0 22 1336.2 669.5 --- — 
597.3 597.0 10 
791.3 791 1 
1 Oo) (1285.8 647.7 647.8 7 
0 of \ 1388.4 688.7 sone owe 
545.1 —- — 
0 33 2005.7 
1 1,) f1933.5 
0 31) (2077.1 
Harmonic bands 
0 0» 2077.1 2077.1 7 
1933.5 1933 1 
Raman lines 
0 Oo 1388.4 1387.7 15 
1285.8 1285.1 10 
0 1; 1409.6 1408.4 1 
1266.0 1264.5 1 








The two second harmonic bands listed in Table I form a part of the ab- 
sorption region near 4.9u observed by Schaefer and Philipps. The trace of an 
energy curve for this region recorded automatically with a 200 cm path of CO, 
is shown in Fig. 5B. In addition to the two maxima listed, other absorption 
lines appear, probably due to transitions originating in excited states. A 
further study of this region is contemplated. 

The agreement between the Raman frequencies observed by Dickinson, 
Dillon and Rasetti, and those computed from the term values in Table I 
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may be considered fairly satisfactory, though the differences are somewhat 
larger than our estimated errors. A better correspondence would result if our 
frequency scale were uniformly contracted about seven parts in ten thousand. 
This difference we believe to be considerably greater than our error of cali- 
bration. 

ROTATIONAL STRUCTURE OF THE BANDs AT 15u 


As is well known, a necessary symmetry property of the wave function V 
for a diatomic or a linear triatomic molecule with identical extreme atoms ex- 
cludes either those alternate rotation states for which Ye is symmetrical, 
or those for which it is antisymmetrical, ~g being the factor of V affected 
by an interchange of the identical atoms. It is to be expected, then, that for 
those vibration states of CO, in which Z =0 the rotational quantum number 
J may assume only even or only odd values. Which of these sets is excluded 
depends upon the symmetry properties of the remaining factors of ¥. When 
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Fig. 4. Comparison of observed and predicted band patterns for AL = +1. I. Observed 
positions of the lines. IT. Predicted positions for ye° symmetrical. IIT. Predicted positions for 
Yr® antisymmetrical. 


L is not zero the molecule is no longer precisely linear, and J may assume all 
integral values equal to or greater than L. In those bands involving the tran- 
sitions 0—>1 or 1-0 in L alternate rotation lines will be completely suppressed 
and the proper J transitions may be assigned only after it has been decided 
which are the missing levels. In the absence of zero branches this decision 
would not be difficult as the frequency interval between the first lines of the 
positive and negative series would be different for the two cases, but the zero 
branches are always present, and ordinarily are so broad as to obscure sev- 
eral of the neighboring rotation lines. If their positions could be determined 
precisely a criterion would be provided for assigning odd and even J values, 
as is indicated by the band patterns in the lower section of Fig. 4. The band 
centers at 13.9u and 16.2u are particularly favorable for observations of this 
sort, since, with atmosphere of normal CO, content, the central maxima ap- 
pear weak and very narrow. The adjacent rotation lines are then too weak 
to be measured, but their positions can be determined, with higher concentra- 
tions of COs. We find the two zero branches to lie at 720.6 cm~ and 617.9 
cm, with displacements toward lower frequencies as the concentrations are 
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increased. The rotation lines adjacent to the former, taken from Fig. 2, have 
been plotted in the upper section of Fig. 4 just above the characteristic band 
pattern for AZ = —1, and the position of the zero branch shows clearly that 
even numbers must be used for the J values of the upper state (L =0); hence 
also for the normal state. This is in contrast with the molecule O»2 which, for 
the nonvibrating state, has only odd J values. It indicates that for COs Wz 
must have the same symmetry as Wy. The intersection of the two straight 
lines falls at 720.9, which is the value given in Fig. 3 as the vertex of the zero 
branch, and in Table I as the band center. For the other band the coinci- 
dence is equally good, the indicated center being 618.3 cm~'. Because of its 
great intensity we have not determined the position of the strongest zero 
branch at 14.94 with equal precision, but since in the initial state (09) the J 
values are even, its frequency may be obtained graphically as on the right 
of Fig. 4, from the positions of the observed rotation lines. The value so 
obtained is 667.5 cm ™. 


TABLE II. Wave numbers and wave-number differences in the band at 14.9,. 

















Initial Observed frequencies ’ /4-2-y7 ¥ computed 
J ry pee a hap ant D D h/4xn2cI h/4xcl AJ=0 
4 671.3 664.4 8.4 6.9 0.762 0.765 667.5 
6 672.8 662.9 11.5 9.9 0.767 0.762 667.5 
8 674.5 661.3 14.8 13.2 0.778 0.777 667.5 
10 676.0 659.7 17.8 16.3 0.774 0.777 667.5 
12 677.6 658.2 20.9 19.4 0.774 0.776 667.5 
14 679.2 656.7 24.1 a2. 0.777 0.777 667.6 
16 680.8 655.1 27.2 25.7 0.777 0.778 667.6 
18 682.5 653.6 30.4 28.9 0.780 0.781 667.7 
20 684.1 652.1 33.6 32.0 0.782 0.780 667.7 
22 685.7 650.5 36.7 35.2 0.781 0.783 667.7 
24 687.3 649.0 39.8 38.3 0.780 0.782 667.8 
26 689.0 647.5 43.0 41.5 0.782 0.783 667.9 
28 690.6 646.0 46.2 44.6 0.782 0.783 667.9 
30 692.1 644.4 49.0 47.7 0.778 0.783 667.9 
32 693.7 643.1 52.2 50.6 0.780 0.780 668.0 
34 695.3 641.5 55.4 53.8 0.780 0.780 668.1 
36 697.0 639.9 58.5 57.1 0.780 0.783 668.1 
38 698.6 638.5 61.6 60.1 0.780 0.781 668. 2 

40 700.1 637.0 64.6 63.1 0.780 0.780 668. 2 
42 701.8 635.5 66.3 0.780 668.3 
44 703.3 
46 705.2 

/ 


48 7006. 





The wave numbers as measured for the various rotation lines are shown 
in Table II with this assignment of J values. Frequency differences character- 
istic of the upper and lower vibration states have been obtained in the usual 
way, Le., 

Vos’) -—- [J +2) 3)'] = Pov +2) = (QU’+)B 
and 
pos} - ou’ - 2d) = Wow’ -— 2) = 27 + Be’. 


These are tabulated under the headings D and D’, the primes referring to the 
upper state. The half interval between rotation lines, B =h/47°cJ, is obtained 
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E. MARTIN AND E. F. BARKER 
by dividing these differences by the appropriate integers, the results appear- 
ing in the 6th and 7th columns. The 8th column shows the positions of the 
zero branch lines as determined by subtracting 4 /87*c/ from the correspond- 
ing means of columns 2 and 3. The effect of rotation upon the vibration fre- 
quency is seen to be very small. Within the limits of experimental error the 
positions of the zero branch lines are represented by the formula 


vy = 667.5 + 0.00045/?. 


Clearly the moment of inertia is affected very little by the change in state of 
vibration. The mean value of 4/42cI is practically 0.780, and consequently 
I=70.8X10~*® gr. cm*. Here a little less weight has been assigned to the low 
rotation states, where larger errors are to be expected. In the same way we 
tind the value /’= 70.7 X10-*°. These results agree very well with the value 
I =70.2 X10-*° obtained from measurements upon rotational Raman spectra 
by Houston and Lewis.” It is to be noted that these authors also reach the 
conclusion that the J’s must be even for the nonvibrating molecule. 

Since each of the bands corresponding to absorption from the first vibra- 
tion state is at least partially obscured by the more intense fundamental, a 
similar treatment may be applied to them only for the lower rotation states, 
and much smaller precision is to be expected. The resulting moments of iner- 
tia, computed from the wave numbers appearing in Table III are 67.3 X 10~*° 
for the 13.94 band, and 73.6 10~-*° for the 16.44 band. 





TABLE III, Wave numbers of rotation lines in the bands at 13.9» and 16.2u. 
Band at 13.9.4 Initial Band at 16.24 
AJ=+1 AJ=-1 J AJ=+1 AJ=-1 
— — 1 as a 

724.2 -- 3 620.9 —_ 
725.49 716.6 5 622.8 614.1 
727.4 715.0 7 623.9 612.7 
728.9 713.5 9 625.3 611.2 
730.4 711.7 11 609.6 
731.8 13 607.9 
733.4 15 606.4 
734.9 17 604.8 
736.5 19 603.3 
738.0 21 601.6 
739.5 23 600.1 
741.2 25 598.4 
744.1 27 596.9 
745.5 29 595.3 
747.0 31 593.7 
748.5 33 592.0 
749.9 35 590.5 
751.5 37 589.0 
753.1 39 587.2 
754.6 41 











THE FUNDAMENTAL BAND AT 4.3 


The absorption associated with the other active fundamental is so in- 
tense that near the center of the band observations through ordinary atmos- 


4 Houston and Lewis, Proc. Nat. Acad. 17, 229 (1931). 
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phere are difficult and show very little contrast. Fig. 5C represents a typical 
set of absorption measurements for this region, plotted against frequencies. 
The rotation lines are fairly obvious on the low-frequency side of the center, 


a 


but on the high-frequency side where they are closer together and the absorp- 
tion is stronger, their positions can be determined only in rough approxima- 
tion. Table IV shows the average values taken from this and several similar 
curves, and the corresponding values of h/4m’cI and h/42*cI’. The precision 
is much less than for the observations given in Table II, but the indicated 
value for the moment of inertia is practically the same. The values of v3 com- 
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Fig. 5. A and B: Energy curves traced from automatic records for v3 at 4.34 and 3v2 at 5y; 
C: Absorption curve for vs from point by point observations. 


TABLE IV. Wave numbers and wave-number differences in the band at 4.3. 








D D’ h/4n*cI = h/4x*cI’ ~—s vy computed 








Initial Observed frequencies 
J AJ=+1 AJ=-1 AJ=0 
0 2350.9 2.6 0.867 
2 2352.7 2348.3 5.9 4.3 0.843 0.860 2350.1 
+ 2354.0 2346.8 8.7 Pe 0.791 0.800 2350.0 
6 2355.5 2345.3 12.0 10.2 0. 800 0.786 2350.0 
8 2356.9 2343.5 15.0 13.4 0.789 0.787 2349.8 
10 2358.1 2341.9 18.0 16.2 0.784 0.771 2349.6 
12 2359.6 2340.1 21.2 19.5 0.785 0.780 2349.5 
14 2361.0 2338.4 24.3 22.6 0.785 0.780 2349.3 
16 2362.7 2336.7 27.8 26.0 0.794 0.787 2349.3 
18 2364.0 2334.9 31.0 29.1 0.795 0.787 2349.1 
20 2365.2 2333.0 33.8 32.8 0.786 0.785 2348.7 
22 2366.4 2331.4 36.7 35.0 0.781 0.779 2348.5 
24 2367.7 2329.7 40.1 38.0 0.787 0.776 2348.3 
26 2369.0 2327.6 43.5 41.4 0.790 0.780 2347.9 
28 2370.2 2325.5 46.7 44.7 0.790 0.784 2347.5 
30 2371.2 2323.5 49.6 47.7 0.787 0.782 2347.0 
32 — 2321.6 
34 — 2319.8 
36 — 2317.9 
38 2375.3 2315.7 61.5 59.6 0.780 0.776 2345.1 
40 2376.3 2313.8 64.5 62.5 0.777 0.772 2344.6 
42 2377.2 2311.8 67.5 65.4 0.776 0.770 2344.1 
44 2378.0 2309.7 70.3 68.3 0.774 0.768 2343.5 
46 2378.7 2307.7 71.0 0.765 2342.8 








by the equation 





puted as before by averaging the 
ing h/8&x*cI are shown in column 8. These may be satisfactorily represented 


numbers in columns 2 and 3 and subtract- 


vz = 2350.1 — 0.0035J?. 
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The convergence is larger than for the other band, but not extremely large, 
and hardly explains the great asymmetry of the emission band. The very 
strong emission observed beyond 4.4yu" is doubtless due in large measure to 
transitions between states both of which are vibrationally excited. 

With the enclosed spectrometer it was possible to remove all traces of this 
band by washing for many hours with air from which the CO2 had been re- 
moved. A small amount of gas was replaced, and records run with the 7200 
line grating and very narrow slits. The rotation structure then showed up 
clearly on the low-frequency side, but on the high-frequency side was scarcely 
more distinct than in the plotted curve. Envelopes traced from the photo- 
graphic records are shown in Fig. 5A, for quantities of CO. equivalent to 0.01, 
0.02 and 0.11 cm path length at normal pressure. A number of such curves 
were obtained after adding successively measured amounts of pure COs, and 
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Fig. 6. Dependence of absorption upon path length. Abscissae are equivalent lengths in 
cm of CO, at one atmosphere. A: Zero branch of 154 band, 668 cm~ (upper scale). B and C: 
Maxima of 4.34 band at 2365 and 2340 cm (lower scale). 


from each the percentage absorption at the two maxima was determined. 
These values are plotted in Fig. 6, curves B and C. 


HARMONIC AND COMBINATION BANDS 


The preliminary measurements upon the second harmonic of v2 in the re- 
gion near 4.8u have already been mentioned. These provide precise term 
values for the pair of interacting levels {(vit1iv),3ir2 \. With better resolu- 
tion it may also be possible to identify lines originating in the level 12, thus 
determining the positions of the various compound levels involving 49 and 42. 
No first harmonic of v3 appears, but the selection rules permit the transition 
AV;=3, and a weak band has been observed in the proper position, 1.4u, by 
Schaefer and Philipps. 

The strong double band at 2.7u has not yet been remeasured, but its char- 
acter and position are well known. It corresponds to the allowed transitions 
v3+{vi,2v2} where the bracket represents the pairof interacting states at 1285 
and 1388 cm. Both components are doublet bands, in agreement with the 


16 Cf, Barker, reference 1. 
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prediction for AL =0. The fact that their intensities are almost equal again 
indicates the close resonance between vy; and 272, for both of the compound 
levels must partake about equally of the two component motions. A con- 
siderably weaker group of bands appears in the neighborhood of 2y, and is 
doubtless to be interpreted as 


vg + {2,01 + 2ove, 4or2} 


but this also remains to be examined in detail. The next member of the same 
sequence, obtained by adding {»:,2v.} would account for the observed bands 
near 1.6u. 

With very large amounts of absorbing gas Schaefer and Philipps have 
also located a pair of bands at 9.4u and 10.4y absorbed by molecules already 
excited to the first pair of interacting levels, and corresponding to the transi- 
tions v3— {v1,20v2}. There remains the very weak band at 3.28y, in a position 
corresponding to ve+ v3, a combination which is in apparent contradiction 
with the rule that AV2+AV3 must be odd. If further observation definitely 
confirms this absorption, and if no other interpretation appears, then the 
question must be raised whether or not the restriction is absolute. 

Thus with one possible exception every observed band is in complete ac- 
cord with the vibration spectrum predicted by Dennison’s rules for a linear 
symmetrical molecule. The fine structure of the fundamental bands leads also 
to the conclusion that the molecule must have the linear form O:C:0O. Finally 
the Raman spectra, both vibrational and rotational, may be explained only 
in terms of the same model. All existing observational data seem now to be 
consistently correlated. 
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The Vibrational Levels of Linear Symmetrical 
Triatomic Molecules 


By Davip M. DENNISON 
University of Michigan 
(Received June 17, 1932) 


The theory proposed by E. Fermi of the energy levels of molecules of the CO, 
type is discussed. It is shown that this assumes a particularly simple form when ex- 
pressed in the coordinates used by Dennison for describing such molecules. When 
there exist no integral or nearly integral relations between the vibrational frequencies 
the first order energy correction All"; caused by the anharmonic forces vanishes leaving 
only the second order term \?11":. When, however, two of the fundamental frequencies 
are commensurable, certain of the energy levels coincide thus becoming degenerate. 
This degeneracy may be removed by the anharmonic forces in which case there appears 
a first order energy constant All, different from zero. The value of AI’, is computed ex- 
plicitly for certain of the lower energy states and it appears that the only levels 
which interact under the influence of the resonance are those having the same value 
of the azimuthal quantum number 7. From this it follows that the selection rules 
are not affected by the existence of the resonance. Finally it is shown how the first 
order term AIT’; goes over into the second order term 7112 as the resonance between the 
frequencies becomes less and less exact. When these results are applied to the CO, 
spectrum it is found that the resonance between »; and 2». is almost perfect and 
consequently the energy levels can only be ordered with the help of the first order 
term All’). For CS: on the other hand the difference between »; and 2». is so large 
that the effect of the resonance on the positions of the energy levels may be disre- 
garded. 





ITHIN the last few months two important contributions have been 

made to our knowledge of the carbon dioxide molecule and its infrared 
spectrum. The first of these was contained in a paper by E. Fermi! and was 
intended in the first instance to explain the Raman spectrum of CO..The 
second, by P. E. Martin and E. F. Barker,’ is reported in the foregoing paper 
and consists of an experimental study of the fine structure of certain of the 
infrared bands. It is proposed in the present paper to discuss Martin and 
Barker’s results in the light of Fermi’s theory and to relate both to the earlier 
work of Dennison’ on the general properties of symmetrical molecules of the 
type VXo. ' 

It can no longer be doubted that the carbon dioxide molecule in its nor- 
mal electronic state possesses a form which is both linear and symmetrical. 
Two sets of independent data prove this. The fact that the fine structure 
lines of the parallel type band at 4.34 and of the perpendicular type band 
at 15u both are linearly spaced in frequency and have the same spacing con- 
stant shows that the COz molecule must be linear. The fact that alternate 
fine structure lines of these bands have zero intensity shows that the mole- 

1F. Fermi, Zeits. f. Physik 71, 250 (1931). 

2 P, Martin and E. F. Barker, Phys. Rev. 41, 291 (1932). 

3D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 
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cule must have the form O=C=O and not O=O=C. The second reason 
for believing that COz is both linear and symmetrical is that it has been 
shown that the vibrational levels of such molecules are connected by rather 
unusual selection rules which permit only certain of the overtone bands to 
appear. A study of all the known infrared bands of CO: reveals that just 
the permitted overtones and no others are observed. 

In discussing the positions of the vibrational levels of the molecule YX, 
the notation proposed by Dennison’ will be used as well as the same coordi- 
nates. The internal or vibrational degrees of freedom are four in number 
since of the total 3” or 9 degrees of freedom, three may be associated with 
translation of the system as a whole and two (not three, since the molecule is 
linear) with rotation of the system. The coordinates of the vibrational mo- 
tion are chosen as 3, g, r and @. s is the displacement of the Y atom along 
the figure axis relative to the center of gravity of the Y atoms. g is the dis- 
placement of the Y atoms, from their equilibrium position, relative to each 
other. 7 is the displacement of the Y atom to the figure axis relative to 
the line joining the Y atoms and ¢ is the angle this latter displacement makes 
ina plane to the figure axis. 

The kinetic energy of the system (internal) may be readily computed 
and is, 


T = (m/4)g2 + (u/2)(22 + # + £62) 


where m is the mass of an X atom and uy is the reduced mass 2m \//(.\J+2m). 

We assume that the potential energy U’ possesses a symmetry which cor- 
responds with the geometric symmetry of the molecule. That is, U must be 
an even function of z, an even function of r and independent of the angle ¢. 

We assume that the potential function may be developed after A, a param- 
eter of smallness so that U=Up+AU,+X?U2. The function U» contains 
all the permissable terms which are quadratic in the coordinates, U, all the 
cubic terms and U, all the quartic terms. It is usual to let the constants of 
U, contain the normal frequencies v1, v2 and 3 so that it has the form, 


Uo = w*vy2mg? + 2*ve*ur? + 2r*v37yus*. 


The wave function which results from using a wave equation based on T 
and U» has been already described by Dennison. 


y= Vo) Pe)" *R op) "e* 
where Yi)" and Y)"3 are the well-known Hermitian orthogonal functions. 
Ro"! = ple? Yoaxp 
k=0 


where 
2k + 21 —2V2 


" " dy. 
(k + 2)(k + 2 + 2l) 


The dimensionless variables o, £ and p, replace the coordinates g, 2 and r 
and are related to them by the following expressions, 





ake = 
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o = 2x[yym/2h]'!2q 
g = 2a [vam h}} 23 
p= 2 | vou h|} ee 


It will prove convenient to write the energies 7 and U in terms of these 
variables. 


T = (h/8n") lo? vy + E2/v3 + (p? + p22), ve! 
Uo = (h/2)} v0? + vst? + vp?! 
AU; = Ah(ao* + bap? + cot?) 
A2U's = A*A(dat + ept + fE* + go*p? + iko? + jp). 
The quantities A, a, - - -j are constants which characterize the anhar- 


monic nature of the potential function. It will be noted that the condition 
that U must possess a symmetry which corresponds to the geometric sym- 
metry of the molecule, greatly reduces the number of terms appearing in U, 
and U». Thus of the ten cubic terms which may be formed with three varia- 
bles, only three actually appear in U}. 

The energy constant W of the system may be developed in powers of A 
so that W=Wy)+AW,4+A7W2. The zero” order term Wo has of course the 
form, 


Wo/h = (Vy + 4) + ve(V2 + 1) + 95(Vs + 2) 


where V;, V2, and V; are the quantum numbers appearing in the expression 
for the wave function. Since the number / does not appear in Wo, the system is 
in this approximation (V2+1) fold degenerate. 

The terms W, and W: which arise from the anharmonic nature of the 
potential function may be readily computed using perturbation theory meth- 
ods. In the usual case when the frequencies v;, v2 and v3 are incommensurable, 
this leads to the following result. 


AW, = 0 
NWe/h = Xo a ri, a rel, oe x3V3 + XV 1? se XeoV' 2? -b x)? 
+ x33V 3? + xViVe + xi3ViV'3 + ve3V 2V'5 


Xo, °° * X93 are aset of constants‘ which are related to the anharmonic con- 
stantsa,:-- j. 

The important contribution of Fermi consists in an investigation of the 
system when two of the frequencies bear a commensurable or nearly com- 
mensurable relation to each other. He has been able to show that when 
v; 222 the first order energy constant \W, no longer vanishes and may exert 
a very considerable influence in the energy levels. We propose to make clear 
just how this result obtains and how it may be correlated with the observed 
infrared spectrum of COs. 


* Dennison (reference 3) in giving the formula for \*W, stated that the constant x, was 
equal to —4}x22. Unfortunately this statement is incorrect except in the special case where 
\U,=0. In general an independent constant x,; must be introduced. 
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It will become evident from the analysis that when v; =2ve, AW, depends 
solely upon the anharmonic term bap? while if v; were approximately twice v3, 
AW, would depend entirely upon coé*. For CO: as well as CS, it is the former 
condition which holds and we may therefore confine our attention to the 
term bap’. 

We shall first carry out the computation, assuming first that no com- 
mensurable relation exists between v; and re. It is possible to ignore the exist- 
ence of the vibration v3 since its coordinate — does not enter the part of U; 
we are considering. In fact we may without loss of generality confine our- 
selves to the case where \U,;=Ahbop* and \°U,=0. The usual methods of 
perturbation theory then give 


, ,V Wel 
A ; = AL IV Vol 


vive \? aie — 
nem =D (wel) (were: — wor) 
V Vo" 


where U, }-', is the matrix element of U4. 

The general expression for the perturbation energy has been slightly sim- 
plified since we take only those matrix elements of U; which are diagonal in / 
and omit the corresponding integration over ¢. This is permissible since the 
function U;, is independent of ¢ and therefore all the matrix elements which 
are nondiagonal in / automatically vanish. It is supposed that y"' and R":! 
are properly normalized. 

It is clear that the matrix elements of U; which are diagonal in V; must 
vanish since (W":)? is an even function of ¢ while the function U; is odd. Evi- 
dently then AW, =0. The computation of \* W2 is somewhat tedious but quite 
straight-forward and leads to the following result. 


xu Ah (Ve? + 42-2 +4Vi +4244 
a 8 \ vi + lve 
Vee —4ViV2-P-4V,  4(V2 + 1) 
+ ——_________—— + ——_—__}. 


vi — 2ve Vi 








The expression for \?W2 which has been obtained is valid except in the 
region where v; and 2y2 are approximately equal. In this case \*7W: becomes 
of higher order of magnitude and the whole method of the perturbation 
theory which has been used breaks down. A new method must then be em- 
ployed which leads to the result that when v; =2”., a first order perturbation 
energy AW; exists. 

We begin by letting the unperturbed system be one where v; and 2v2 are 
exactly equal, thus making a number of the previously distinct energy levels 
coincide. It is possible as before to ignore the vibration v3; and its coordinate & 
and to introduce the single anharmonic term \U,;=Ahbep’. To this however 

5 We may remark that AW, and *W, will be given by the above expressions even when 


v; 222 for the particular states where the quantum numbers bear the relation V?—4V,V2 
—/?—4V,=0. This conclusion is borne out by the results of the ensuing investigation. 
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must be added a term involving A =v,—2r, to take account of the fact that 
in the final or perturbed system » is only of the same order but not neces- 
sarily equal to 2v2. The problem may then be treated in a manner similar 
to that used by Fermi, namely by the standard method of perturbations of a 
degenerate system.® 

The unperturbed system may be characterized by 7) and U> and the 
effect of the perturbation grouped into the two terms 7); and AU}. 


Ty) = (h 8x*vg)(o2/2 + p? + po?) 

Uo = (Ave! 2)(207 + p?) 

T, = (Mh /322?r22)o2? = — (Ah /2)(02 Oo?) 
AU, = Ahbop*? + Aho?) 2. 


The unperturbed system having the kinetic and potential energies 7) and 
Uy respectively possesses an energy constant Wo =v2(2Vi+V2+2). The 
unperturbed system is thus degenerate in two ways, first because as before 
W> is independent of the quantum number / and second because the energy 
does not depend upon V,; and V-% separately but only upon the function 
2Vit+ V2. 

To find the first order perturbed energy of a degenerate system, the secu- 
lar determinant must be constructed and set equal to zero. 


| A,” — AW8,"| = 0. 


The roots of this determinant AW, furnish the required perturbed energies. 
The quantity A,’ is the matrix element of the perturbing function 7,;+AU4. 

The quantum numbers for any one secular determinant must belong to 
the same value of Wo, that is 2V,+V2=a constant. We may simplify the 
expression for A,” by noting two properties of the system. (a) All the elements 
which are nondiagonal in / vanish since 7,+XU, is independent of the angle ¢. 
(b) The wave function yw" satisfies the differential equation (d*y"1/da*) 
+(2V,+1-—o7)~"'=O0and therefore (7, +AU))W"! = { \hbop? + Ah( Vit3) ly". 
Combining these properties with the other known properties of the unper- 
turbed wave functions, we may express all the nonvanishing elements of A,’ 
as follows, 


Viel . 
Aywy = Ah 1 + >) 
Vv V, l r 9 r 9 » 9/93/99 
Ay -wy2t = Ad 1)! 21(1 2 + 2)? = [2]! 3/2* "+ 


The secular determinant may now easily be constructed for any value of 
2Vi+ V2. The coordinate system we have used allows the determinant to be 
evaluated very simply since, because the elements A,’ which are nondiagonal 
in / all vanish, the determinant may be factored into a set of determinants 
each corresponding to a particular value of /. Thus if 2Vi1+ V2 equals 4, the 


6 While our computation is quite equivalent to that performed by Fermi and leads to 
the same result we feel that a real advantage is secured by our use of the coordinates ¢, p and ¢. 
Not only is the calculation much simpler but it is found that the final results may be presented 
in a very natural form which allows a clear understanding of their interrelations. 
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original determinant is of 9th order. It can be factored into three determi- 
nants of order 3, 2, 2, 1 and 1 corresponding to /=0, +2, —2, +4 and —4 
respectively. 


























The explicit solutions of the secular determinant for the smaller values 
of the quantum members are presented in Table I. 
TABLE I. 
V; V2 l AW, /h 
0 0 0 A/2 
0 1 +1 A/2 | 
2 : Os + [2/4 +(00)2/2]2 
0 2 +2 A/2 
+ 
( : ns 10/4 + (002 
0 3 +3 4/2 
(2 0 0 (AW,)' — (9/2) Ah(AW,)? 
1 2 0 —[3(Ahb)? —(2 3/4) (Ah)?*] AW, 
0 + 0 —(1 5/8) (Ah)? +(1 1/2) (Adh)*AR =0 
’ ; 
+2 
; , $s £[4/4 +-(3/2) (00)2]2 ' 
0 4 +4 A/2 ; 
The degeneracy that originally existed in the unperturbed system has been ' f 


to a considerable extent removed by the perturbing potential and the identi- 
ties of the levels have been somewhat changed. When two or more levels are 
connected by lines in the above table, we mean that the original degeneracy 
of the levels has been removed. The wave functions which are appropriate ' 
for describing these new undegenerated levels are linear combinations of the ' 
wave functions of the degenerate levels. The coefficients in the linear com- 
binations are given by the first minors of the secular determinant in question. 

We should now like to show how the energy constant of second order 
*We which is appropriate for the case v;#2v_ goes over into the first order 
constant AW, when v; =2r¢. In order to compare these two expressions, values 
of A=v,—2v2 must be chosen which are small compared with v;+2v,2 but 
which are large compared with the anharmonic constant Ab. The leading term 
of *7We2 is then —A*b?h(V22—4V1V2—4Vi—F)/A while the expressions for 
AW, may be developed. Thus the energy levels of the states (100) and (020) 
become (3/2)Ah+)7b7h/2A4 and (1/2)Ah—)*b?h/2A. The terms (3/2)Ah and 
(1/2)Ah when added to the W, of the degenerate system (vy; =2v2) are just 
equal to the W, of the undegenerate system and the remaining terms 
+*b*h/2A are just equal to \*W,. when we substitute the appropriate values 
of the quantum numbers. A similar agreement is found between AW, and 
\? We for all the other levels which have been computed. 

This analysis leads to a criterion as to the method to be used in correlat- 
ing the energy levels of such a system. When |A|< |b! we must treat the 
system as degenerate and use the first order energy constant AW;. A second 
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order constant \*W: could also be added and would probably have the usual 
form (i.e., a quadratic function of the quantum numbers). When |A|> |dd |, 
AW, becomes equal to one of the terms of \*7W: and consequently we may 
order the levels with the aid of the second order constant \*W», alone. The 
difference between these cases will be brought out in our discussion of the 
CO. and CSz spectra. 
































Finally it will be observed that the selection rules proposed by Dennison 
for the symmetrical triatomic molecules apply equally well to the degenerate 
system and to the nondegenerate system for which they were derived. The 
states of the degenerate system which combine and lose their identity possess 
wave functions having the same quantum numbers / and V3; and having num- 
bers V2 which differ by an even integer. The selection rules depend upon 
whether the changes AV2, AV; and A/ are odd or even integers and these 
changes will be the same (i.e., odd or even) for all the levels of a related 
group. The wave functions of a related group all have the same symmetry 
character with regard to an interchange of the two equal atoms. 


DISCUSSION OF THE COs SPECTRUM 


Let us now consider the energy levels of the CO, molecule as determined 
by the observations of Martin and Barker. If the assumption is made that 
the system is nearly degenerate (|A|«|\d|), the energy may be expressed 
as Wo+AW; and the second order terms \*W2 may be neglected. This identi- 
fication will allow us to compute from three of the levels A and Xd (thus 
checking the assumption as to the degeneracy) and then to predict the posi- 
tions of the remaining levels. The difference between the predicted and ob- 
served positions of these levels will be a measure of the neglected term \*W2. 
The results of this correlation are collected in Table II where the lowest 
state (000) is taken to have zero energy. 

















TABLe_E IT, 

v2 = 667.5 cm=! \b= +72.5 cm A=+4.2 cm 
V1 V2 l Observed level Computed level 
0 0 0 0 0 
0 1 1 667.5 cm7! — 
1 0 0) 1285.8 -- 
0 2 0 1388.4 — 
0 2 2 1336.2 1335.0 
1 1 1 1933.5 1932.1 
0 3 1 2077.1 2077.1 
0 3 3 ~- 2004.6 
2 0 07 oo 2548.0 
1 2 0 , — 2675.6 
0 4 0 —- 2799.0 








it appears that in CO, the resonance between vy; and 272 is almost exact 
so that their difference is small, A=4.2 cm~'. The accuracy with which this 
constant has been determined is not great. We estimate the error to be of 
the order of 50 to 100 percent. The value of |Ad| on the other hand may be 
fixed with considerable precision since it depends essentially on the distance 
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between the two strong Raman bands or between certain of the infrared 
bands. It is probably accurate to at least 1 percent. It will be noted that the 
sign of \d cannot be determined through the positions of the energy levels. 

The overtone bands of CO, which have been observed by Barker’ and 
others to lie in the region of 2.74 must be correlated with the sum of the levels 
(100), (020) and the level v3 = 2350 cm~!. The computed values of these over- 
tone frequencies are therefore 3636 and 3738 cm while their observed posi- 
tions are 3610 and 3717 cm. The differences, 24 and 21 cm~,are due to the 
fact that in the computation we have neglected the second order energy con- 
stant \?W2. In a similar way the three overtone bands observed by Schaefer 
and Philipps* at about 2u arise from a combination of the level v3 with the 
levels (200), (120), (040). The computed values of the frequencies are 4898, 
5026 and 5149 cm, while their observed positions are 4780, 4890 and 5010 
cm. The differences, which are also due to the neglected second order 
terms, are 118, 136 and 139 cm™ respectively. We should expect these differ- 
ences to be larger than those for the lower overtone bands but only by a 
factor of about two. The solution of this difficulty must await the results of 
further analysis. 

DISCUSSION OF THE CS, SPECTRUM 


According to Krishnamurti? the Raman spectrum of CSe gas consists 
principally of two strong lines with an intensity ratio of about 5:1 lying at 
655.5 and 795.0 cm respectively. These may be identified with transitions 
from the normal state to the two combined levels (100), (020). The frequency 
v; has been found by Dennison and Wright'® to lie at 396.8 cm~!. Combining 
these three data and neglecting as before the second order constant \?W. we 
may compute Ab = + 19.7 cm and A= — 136.7 cm“. 

These results for Xd and A show that we are in the region where the reso- 
nance between y, and 2” is very poor and where AW, is equivalent to one of 
the terms of \*1WV2. (Since for these values of Ad and A, the expression 
[A?/4+(Abd)2/2]"2 does not differ appreciably from A/2+(Abd)?724.) Conse- 
quently we may not neglect \*W,2 in computing the energy levels. In fact 
we may consider that \W, is included among the terms of \?W,2 and thus use 
the general expression W)+A*W, alone for correlating the energy levels. This 
expression involves ten constants while there have been observed only eight 
Raman and infrared bands. Thus only certain of the anharmonic constants 
may be obtained and no independent relations are available with which to 
check the theoretical formula. (Those constants which may be computed are 
all small and of the correct order of magnitude). These considerations show 
that our initial computation of \b and A was somewhat meaningless. That is 
to say, while we can determine with accuracy the value of A, the difference 
between vy; and 2v2, the positions of the levels will not furnish us with any 
clear information as to the value of Ab other than its order of magnitude. 


7 E. F. Barker, Astrophys. J. 55, 391 (1922). 

8 Cl. Schaefer and B. Philipps, Zeits. f. Physik 36, 641 (1926). 

® Krishnamurti, Ind. Journ. Phys. 5, 109 (1930). 

10 PD, M. Dennison and N. Wright, Phys. Rev. 38, 2077 (1931). 
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312 DAVID M. DENNISON 
In a recent note S. Bhagavantam" calls attention to the fact that the 
Raman line at 795.0 cm~! possesses properties which are characteristic of the 
inactive frequency v; and which have nothing in common with the frequency 
vo. He therefore prefers to designate this level with the symbol v,’ rather than 
with 2v. as do Dennison and Wright. This remark by Bhagavantam illus- 
trates very clearly the nature of the line in question. As a Raman line its 
existence depends wholly on the fact that the level must be described partly 
with the wave function (100) of the unperturbed inactive frequency v;. Thus 
its character in the Raman spectrum must be similar to »; and there is some 
justification for calling it »;’. However, in ordering all the vibrational levels 
of the molecule, we have shown that since |A| is large compared with |)d | 
we may disregard the fact that v; =2v.. Therefore in speaking of the positions 
of the levels it is more appropriate to speak of this level as 2v2. The level 
possesses a wave function partly characteristic of vy; and partly characteristic 
of 2v. and consequently its proper designation will depend upon what prop- 
erties of the spectrum are being considered. 


1S. Bhagavantam, Phys. Rev. 39, 1020 (1932). 
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The Two-Minima Problem and the Ammonia Molecule 


By Davip M. DENNISON AND G. E, UHLENBECK 
University of Michigan 
(Received June 8, 1932) 
The system of a particle moving in a potential field containing two equal minima 
is treated by the Wentzel-Kramers-Brillouin method of approximation. The energy 
levels are grouped in pairs and the object of the computation is to find the separation 
between two levels forming a pair. This is accomplished by connecting the oscilla- 
tory and exponential approximate solutions of the wave equation by means of the 
Kramers connection formulae. If A is the separation of a pair and hy the distance 
between two pairs A/hvy=1/xA*? where A =exp [(2x/h) fo'[2m(V—E) |"dx]. A par- 
ticular potential curve is chosen consisting of two equal parabolae connected by a 
straight line. The expression for A may then be evaluated explicitly as a function of the 
length of the joining line, 2(x»—a@) and the distance between two minima, 2x». These 
formulae may be applied to determining the form of the ammonia molecule. Substi- 
tuting the experimental values for Ap and A;, it is found that x»=3.161 and a=1.916. 
An exact solution for this particular potential curve may be found by joining Weber's 
function D,(x—x») and D,(x+x») to a hyperbolic sine or cosine. This process also 
leads to expressions for A which may be equated to the experimental values yielding 
xo =3.182 and a=1.930, in good agreement with the earlier determination. Finally 
Xo is used to compute 2g)=0.760 X10-* cm, the distance between the two potential 
minima, and the following dimensions of the ammonia molecule, H —H = 1.64 1075, 
N—H=1.02X10-* cm. 
" §1. 
HE one-dimensional system of a particle moving in a potential field con- 
sisting of two equal minima was first treated qualitatively by Hund! 
who showed that the vibrational energy levels which lie below the potential 
maximum will occur in pairs. The distance between two pairs is roughly equal 
to hvo where vo is the normal frequency of oscillation, while the separation of 
the two levels forming a pair depends upon the height and nature of the 
barrier between the minima and is in general very small. We propose to 
compute the level separation using the Wentzel-Kramers-Brillouin method 
of approximation and then to compare this solution with an exact solution 
based on a particular potential field. Finally an application of the results 
will be made to the ammonia molecule. 


§2. 


The W. K. B. method yields an approximate solution of the wave equation 
whose form depends essentially upon whether the region being considered 
lies within or without the region in which the classical motion might take 
place, that is, the region where the kinetic energy is positive. In the first case 
the solution is oscillatory and has the form 


Viz) = (c/P'!*) cos| (2n/h) f Pdx + v| 


1 F. Hund, Zeits. f. Physik 43, 805 (1927). 
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where x is the coordinate of the system, ¢ and y are arbitrary constants, and 
P=+ [2m E-V\| ]!. 


In the second or non-classical region the solution consists of a linear com- 
bination of an increasing and a decreasing exponential? which has the form 


Wiz) = (a/P"'?) exp | (2 i) f Pas | 
+ (6/P"?) exp | — (20/h) i] pas], 


At each boundary or critical point there will exist two conditions upon 
the arbitrary constants c, y, a and } which arise from the fact that each func- 
tion must approximate the same exact solution of the wave equation. These 
relations between the constants are the so-called Kramers connection for- 
mulae.’ The increasing exponential connects with the oscillatory solution so 
that c=a and y=+7/4 while for the decreasing exponential c=2b and 
y= —-—7/4. 














Fig. 1. 


These formulae furnish a method by which we may approximate to any 
solution of the wave equation. When however one wishes to approximate 
the eigenfunctions, namely those functions for which J Wdx is finite, 
one must let y be represented only by the decreasing exponential as x ap- 
proaches + or — infinity. Thus in a region from +2 to —* which has n 
critical points, there will exist 2+ 2 conditions arising from the connection 
formulae. 

The x+1 regions will furnish 2n+2 constants but one of these, the multi- 
plicative one, must be kept arbitrary in order later to normalize the wave 


2 By increasing or decreasing exponential we will always mean increasing or decreasing 
when we proceed away from the boundary point between the classical and non-classical regions 
into the non-classical region. 

3H. A. Kramers, Zeits. f. Physik 39, 828 (1926), H. A. Kramers and G. P. Ittmann, Zeits. 
f. Physik 58, 217 (1929), A. Zwaan, Utrecht Diss., 1929. These formulae are collected in a 
paper by L. A. Young and G. Uhlenbeck, Phys. Rev. 36, 1154 (1930). h 
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function. Thus there is one condition remaining and this just serves to fix the 
value of E, that is to determine the eigenvalues of the problem. When we have 
a system in which the potential has only a single minimum this procedure 
leads to the well-known half integer quantization of the phase integral. 


g Pdx = (n+ 9)h. (1) 


$3. 

Let us now consider the case of two equal minima, (illustrated in Fig. 1) 
where the energy level E is assumed to lie below the potential barrier at 
x =. Since the potential is an even function of x the wave functions will be 
divided into two classes, those which are even functions of x and those which 
are odd functions. We begin by assuming that the level in question corre- 
sponds to an even eigenfunction, Y,, and we denote the energy by E,. 

In the region from —x,; to +x, the wave function will have the character 
of an hyperbolic cosine and may be written in the following manner where C 
is the multiplicative constant mentioned earlier. 


¥, = (C/P"*) cosh [con f Pas| —x<x< x. 
0 


It is now convenient to write J®Pdx =f" Pdx— Ji Pdx. Further let A =exp 
[(2a/h) fj Pdx |. We may then express ¥, as 


¥,=(C, 2p) A exp| - (o/h) f Pax| + (1/A) exp| (2 » { Pas] 


— £4, < ££ < 2%. 


Applying now the connection formulae between the regions —x, to x 
and x; to x2., we obtain the following oscillatory solution for the latter region. 


¥+ = RC cos | (2x a { Pdx -— 0. | (2) 
where 
tan 6, = (242 — 1)/(242 + 1) (3) 
and 
R, = (444 + 1)'/*/2A. 


Now in the region x > x, we must have the decreasing exponential, that is, 


¥. = (aC/P'!?) exp| - (22/h) f Pas | 
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where @ is a new constant as yet undetermined. This connects in the region 
x, to X. with 


¥. = (laC/ P'*) cos | (2x/m f Pdx — ft, 1]. (4) 


Eqs. (2) and (4) must give identical values for Y, as a function of x and conse- 
quently also of the first derivative of y,. We may thus eliminate a by re- 
quiring that y,’,~, as determined from (2) shall be the same as y,'/yW, de- 
termined from (4). This gives immediately 


tan | (2 » { Pdx - 0, | = tan | (2s nf Pdx +47, 1]. 


1 


The two angles whose tangents are equal must differ by mz where n is an 
integer and this leads to the result, 


g Pdx = (n+44+6,/n)h. (5) 


From (3) one sees that 6. <7/4 and in the limit of an infinite barrier where 
A ,0,.—7/4 and (5) reduces to (1). 

The foregoing calculation is appropriate for a discussion of one of the 
levels E, where Wy, is an even function of x. For the remaining levels E_ 
where W_ is an odd function of x we must start in the region —x,; to x; with 
the hyperbolic sine. We obtain in a similar manner, 


r Pdx 


tan 6_ 


(n +14 6_/m)h (6) 


where 


(2A? + 1)/(24? — 1), 


thus 6. =7/4. 
Let us now consider a pair of levels E, and E_ which are defined by the 
same value of n. Subtracting (6) frem (5) and writing out £ Pdx we find. 


2f | [2m(E_ — V) |? — [2m(E, — V)]'2hdx = (6. — 0,)h/r. (7) 


A is usually a large quantity and when this is the case it will be seen that 
6, is nearly equal to @_ and consequently we may develop both and obtain 
toa high degree of approximation, 


b_ —_ 6, = 1/A?, 
Where 6_—6, is small, both E_ and E, must lie very close to the energy E 


of a corresponding one minimum potential system. Calling the difference 
E_—E, for the nth pair of levels A,, we find by developing (7) 


m2 dx 
A, = h/2rma? [ 
z 





[2m(E, — V)]*/2 . 
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This expression may be somewhat simplified by remembering that 


* dx 1 
2m f ———- ri dt = — 
x, |[2m(E — V)]!2 v 


where v is the classical frequency of oscillation. When the potential V be- 
tween x. and x, does not deviate too greatly from a parabolic form, hy may 
be identified with the distance between neighboring pairs of levels. 





A,/hv = 1/rA,2 (8) 


where 


A, = exp| + (2n/i) f “[2m(V — £,) dx, 
0 


The expression (8) shows that the relative separation of a pair of levels 
does not depend upon the form of the curve but only upon a square root area 


(2n/h) f [2m(V — E,)]'/2dx 
0 


in the non-classical region. This result might have been expected from con- 
siderations analogous to the Gamow, Condon, Gurney theory of radioactive 
disintegration. 


$4. 


The infrared spectrum of the ammonia molecule exhibits features which 
may be directly related to the one dimensional problem of two equal minima. 
The parallel type vibration bands for example are observed to be composed 
of two nearly superimposed bands; a phenomenon whose existence depends 
upon the fact that there are two equivalent positions of equilibrium for the 
nitrogen nucleus. This problem has been treated by Dennison and Hardy,‘ 
who show that the normal coordinate x; which is to be correlated with the 
band at 10.54, may be identified with the coordinate x which we have been 
using. (For a more exact discussion, see the paper just cited.) 

The experimental work so far done on the ammonia spectrum presents us 
with three data, the frequency vo and the separation between the two lowest 
pairs of levels. 


vy = 950cm-!, Ap =0.8cm™', A; = 32.2cm"!. 


The estimated error of v» and A, is less than a percent but the error in Ao 
may be as high as 10 or 20 percent. 

We should of course like to be able to reconstruct the potential V asa 
function of x using the known experimental data. Of the three facts we pos- 
sess, Vo is needed to determine the curvature in the region of the minima which 
we designate by x = +x 9. Formula (8) now shows that if we know Ay and A, 
we can impose two and only two conditions on the curve, namely we can de- 


‘ D. M. Dennison and J. D. Hardy, Phys. Rev. 39, 938 (1932). 
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termine the square root area from x =0 to x =(x:)) and from x =0 to x= (x1); 
where (x;)o and (x;); are the critical points for the two states n=0 and 1 
respectively. 

We shall therefore choose a very simple curve with two parameters which 
will allow us to correlate the observed data. Let this curve be formed by two 
equal parabolae joined by a straight line as illustrated in Fig. 2. The two 
pairs of levels corresponding to n =0, 1 are shown in the figure but since the 
drawing is to scale the separations Ap and A, are much too small to be repre- 
sented. The two parameters are (x»—a), half the length of the joining line 
and xo, half the distance between the two minima. We do not mean that this 
curve represents very closely the actual potential function, but it must pos- 
sess the two properties as to square root area mentioned before, and these 
are the only features of the potential curve which we can at present learn. 
The parameter Xo is of great physical interest and it turns out that this is 
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Fig. 2. 


very insensitive to the exact shape of V, provided only V has the general 
form indicated in Figs. 1 or 2. 

By use of this particular curve the quantities A and A may be readily 
computed as functions of a and xo. 


An Zz ( 1 y= [a? — 2n — 11/2 
L (2n + 1)!/2 


Equating A» and A, to their observed values we obtain a transcendental 
equation which yields the values, 





2n+l 
| exp [— (2x9 — a)(a? — 2n — 1)'/2]. (9) 


hvo T 


a 1.916 
Xo = 3.161. 


The physical significance of these will be discussed later. 


§5. 


One reason for choosing the potential function illustrated in Fig. 2 is 
that for this particular curve we may also obtain an exact solution and thus 
we are able to test, for one case at least, the accuracy of the foregoing com- 
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putation. There are two reasons why we might doubt its validity. In the 
first place the W. K. B. approximation is designed to hold best for energy 
states where m, the quantum number is a large integer. We wish to apply the 
formulae however to the two lowest states where n=0 and 1. In the second 
place the W. K. B. method. becomes inapplicable when the potential at the 
critical point is too nearly equal to the potential throughout the non-classical 
region. This obtains because in this case P”*? becomes very small and the 
W. K. B. expression for y does not satisfy the wave equation at all accurately. 
Fig. 2 is drawn to scale using the values for a and x» obtained for ammonia 
and it is seen that the highest critical point does not lie very far beneath the 
potential in the non-classical region. 

The exact solution is obtained in the following manner. The wave equa- 
tion may be written, 


(d*y/dx*) + (2n + 1 — 2V/hn)p = 0 


where x and 2n+1 are proportional to the displacement coordinate g and to 
the energy E respectively. (m is not necessarily an integer here although it 
will be nearly equal to one when the potential barrier is sufficiently high.) 


q = [h/4ar2uvo]'/2x, E = (2n + 1)hvo/2. (10) 
The potential may be expressed as follows 
2V/hvo = (x — Xo)? from x = (x9 — a) to + © 
(x + xo)? from x 


= a" from x = (x9 — @) to (a — Xo). 


(a— x) to — 


In the region of the joining line, from x=(x9—a) to (a—Xo) the differ- 
ential equation is satisfied by any linear combination of a hyperbolic sine or 
cosine. (Assume that 2n+1<a?.) It is known that the solutions of the total 
wave equation may be divided into the two classes, Ys, which are even func- 
tions of x and ¥_ which are odd functions. It is clear that these must just 
correspond to the hyperbolic cosine and sine respectively. 

Thus from x = (xp —a) to (a— Xo) 


¥, = A cosh (a? — 2n, — 1)!/?x 
vy = Bsinh (a? — 2n_ — 1)'/? x. 


Now in the region from x=(xp—a) to +, one set of solutions of the 
differential equation will be Weber's functions, D,(*x—xo). These func- 
tions’ converge properly for large values of x while for small values of x 
(i.e., (x—2Xo) large and negative) we may fit them by means of the param- 
eter m to any curve we please. Now if we join D,,(x—xo) to wy, or Dy_ 
(x—x»9) to Y_ so that their values and first derivatives agree at the point 
x =X 9—a, we shall have a complete and continuous solution to the wave equa- 
tion, throughout this region. A similar process may be carried out for nega- 


5 See for example E. T. Whittaker and G. N. Watson, Modern Analysis, 4th Edition, 
p. 347 (1927). 
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tive values of x using D,(x+xo). The conditions necessary for joining these 
curves will determine the n, or n_ and hence the energy difference A,. The 
computation is straightforward and makes use of the asymptotic expression 
for D,(y) given by Whittaker and Watson, for large negative values of y. 


Day = eo 22" 2y)"[1 — n(n — 1)/4y? + n(n — 1)(n — 2)(n — 3)/32y*--- 


_ [(27)! tention” 2/T(— n)(2! 2y)rtt] [4 + (n + 1)(u + 2)/4y? 
+ (a + 1)(0 + 2)(n + 3)(n + 4)/32y*+--- a 


It does not seem possible to give A, as an explicit function of but the 
two quantities we need Ay and A, have been computed,® 


Ao/hvy = (2a/r''?) exp [— a? — 249 — a)(a? — 1)'?] 
(11) 


Ai/hy = [(da’ — da) /z' 2] exp [- a? — 2(xo — a)(a* — 3)! 2]. 


It is interesting to compare formulae (9) and (11). When xp and a@ are 
sufficiently large, the two values of Ay agree to within 7 percent and the values 
of A; to within 3 percent. This result is in accord with the work of Young and 
Uhlenbeck*® who found that the W. K. B. approximation for the hydrogenic 
wave functions was surprisingly good even for the low quantum states. The 
agreement of (9) and (11) for the particular values of x» and a@ found for 
ammonia is somewhat poorer, being about 10 percent for both Ay and A). 
On the other hand we may equate (11) to the experimental data Ay and A, 
when we find, 


a= 1.930 xo = 3.182. (12) 


Thus the error in the determination of the constants a and Xp is in each case 
about 0.7 percent. 

We shall adopt the values (12) and from these may compute the actual 
distance between the two minima in the ammonia molecule. Substituting the 
appropriate values for vp and w, the reduced mass, into (10) we obtain 2g 
= (0.760 X10-8 cm. 

The moment of inertia, A, about an axis perpendicular to the symmetry 
axis is known from band spectrum measurements to be A =2.80X10-?. 
Combining this datum with the value for go we may find C, the moment of 
inertia about the figure axis and hence the normal distances between two 
hydrogen nuclei and between a hydrogen and nitrogen nucleus. 


C = 4.42 X 10°“ 
H-UH 1.64 K 10-8 cm 
N-H 1.02 X 10-% cm. 


6 These expressions have been calculated from the asymptotic expansion for D,,(y) and 
are consequently only asymptotically correct. The next order term would change 2a to 2a +a/aé 
and 4a’—4a to 4a’—4a+3/4a+b/a' in the numerators of Ao and A; respectively. These cor- 
rections are insignificant in the case of ammonia. 
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These values for C and the molecular dimensions are of considerable im- 
portance since because of the interaction between vibration and rotation it 
appears to be impossible to determine them from an investigation of the 
fine structure of the infrared bands themselves. We feel that the value of C 
is accurate to within 2 percent. The chief error in its determination probably 
lies in the uncertainty with which A» is known. 

The results we have obtained may be compared with an exact solution of 
a two minima problem by Morse and Rosen.’ The potential used by them 
has the same general form as shown in Fig. 1 in the region between the 
minima. For large positive and negative values of x however the potential 
rapidly approaches a constant asymptote in a manner which is unlikely to 
represent the true curve since it would predict far too low a heat of dissocia- 
tion for the molecule. In spite of this difference between their potential and 
the one used by us, they obtain 2g9=0.73X10-* cm, a value differing from 
ours by only 4 percent. This agreement illustrates the qualitative result of the 
W. K. B. approximation, namely that the magnitude of the splitting of the 
levels depends only upon the potential curve between the two minima. It 
shows also how insensitive go is to the exact form of the curve in this region 
providing only it has the general shape of Figs. 1 or 2 and contains a sufficient 
number of disposable parameters which may be used to fit the observed data 
Ao and A, with their theoretical values. 


7 P.M. Morse and N. Rosen, Phys. Rev. 40, 1039(A) (1932). 
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(Received June 13, 1932) 


The hyperfine structure of the Ba II lines \4934A and A4554A has been ob- 
served. The relative intensities of the observed components of \4554A have been 
measured. From these data it was possible to determine the value of the nuclear 
moment of Ba" .'87, if it is assumed that the barium isotopes 136 and 138 have no 
nuclear spin. The most probable value obtained for 7 is 5/2. The separation of the hy- 
perfine levels of 6s 2S). is 0.272 cm™, of 6p ?P 1/2 is 0.039 cm™, and of 6p ?P 32 is ap- 
proximately 0.033 cm~. In all other terms the hyperfine splitting is very small. There is 
some evidence that there is an isotopic shift of the center of gravity of the levels of the 
odd isotopes with respect to the even isotopes, and it has a probable value of 0.022 
cm! for the ?P;/2 state, and 0.017 cm™ for the 2P 3,2 state. 


INTRODUCTION 


Mie YNAN and Allin,' S. Frisch,? Gibbs and Kruger,’ and Ritschl and 
Sawyer,’ have previously examined the resonance lines of Ba II for 
hyperfine structure. The results in the first three reports were highly dis- 
cordant, but the last two agreed in all essential details. However, none of the 
data was complete enough to determine the value of the nuclear moment for 
barium. 

EXPERIMENTAL 


The Ba II lines were strongly excited in a metal liquid air cooled Schiiler 
lamp. The current used varied from 1 amp. to 1.4 amp. and the He gas pres- 
sure in the lamp varied from 4 mm to 10 mm. A Fabry-Perot interferometer 
was used in a Zeiss triple prism spectrograph to photograph the lines. Quartz 
etalon plates, whose silvered surfaces at various times during the work had re- 
flection coefficients ranging from 60 percent to 94 percent, were spaced by 
etalon rings 1, 3, 5, 8, 10, 13, 15, 18, 20, 21, 25, and 30 mm in thickness. The 
times of exposure varied from thirty seconds to three hours. 

Nichols and Merritt,5 have shown that the intensity of light coming 
through a slit from a continuous source is proportional to the slit width, if 


* The investigations upon which this article is based were supported by grants from the 
Heckscher Foundation for the Advancement of Research, established at Cornell University by 
August Heckscher. Acknowledgment is also made of-the use of spectroscopic apparatus which 
was in part purchased by a grant from the National Research Council. 

** R. C. Gibbs and R. C. Williams, Physical Laboratory, Cornell University; P. Gerald 
Kruger, Department of Physics, University of Illinois. 

1 McLennan and Allen, Phil. Mag. 8, 515 (1929). 

2S. Frisch, Zeits. f. Physik 68, 758 (1931). 

3 Gibbs and Kruger, Phys. Rev. 38, 1921 (1931). 

‘ Ritschl and Sawyer, Zeits. f. Physik 72, 36 (1931). 

5 Nichols and Merritt, Phys. Rev. [I] 31, 502 (1910). 
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the slit is wider than 0.06 mm. This principle was used to put intensity marks 
on the plates so that the intensity of the components of the lines could be 
compared. 

A dull white cardboard was placed 10 inches in front of the slit, and was 
uniformly illuminated by two frosted bulb lamps, which were placed two feet 
away, one on each side of the collimator. Slit widths of 0.8 mm, 1.0 mm, 1.2 
mm, 1.4 mm, and 1.6 mm were used. 

The intensity marks were photographed on the same plate as the line and 
its components without removing the plate from the spectrograph, so as 
to take account of the variation of plate sensitivity with wave-length. The 
time of exposure was 60 seconds. Later the plate was microphotometered and 
the intensity marks recorded at wave-length of the line. 


RESULTS 
Table I gives the results obtained for the Ba II lines studied, and includes 
for the sake of comparison the data of McLennan and Allin and of Ritschl 
and Sawyer. Frisch found no components to these lines so his data are omit- 
ted. The intensities of the components are given in aribitrary units, and show 


TABLE I. Hyperfine structure of Ba II lines. 











AX of Av of Total Ritschl McLennan 
\ air Classification Int. compo- compo- line and and 
nents nents width Sawyer's Allin’s 
inA inem incm7 data data 
5 +0.0279 —0.115 +0.027A 
5 +0.0185 —0.076 +0.043A 
4934.10 65 *Si2—O6p*Piy2 75 0.0000 0.0000 0.000 0.000 
5 -—0.0477 +0.196 —0.045 —0.037 
4899.97 6p 2*P32—7s 2Sie sharp 0.057 0.000 
—0.0060 
4554.04 65 *Sj2—O6p *P3/2 7 +0.0177 —0.085 +0.018 0.000 
75 0.0000 0.000 0.000 —0.051 
5 -—0.0340 +0.164 —0.034 —0.085 
4524.95 6p 2P 5/2 - 7s 2 Suse sharp 0.051 
4166.02 6p *P32—7d *Dasy2 sharp 0.062 


4130.68 6p ?P32.—7d *Ds5i2 sharp 0.060 








the intensity ratio between components. The estimated intensity values 
given the strong parent line are not accurately determined with respect to 
those of the components, but are given merely to indicate that the parent line 
is very much stronger than the components. 

Fig. 1 shows the hyperfine structure term schene for \4934 6s *S,;2—6p 
*Pry2, and for 44554 6s *Sij2—6p *P 3/0. 


DISCUSSION 

Two of the writers published a preliminary report on the structure of the 
barium lines, and on the basis of estimated intensity ratios between the par- 
ent line and the satellites predicted a ratio of even to odd isotopes for barium 
of about ten to one. About the same time Aston reported isotopes 135, 136, 
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137 and 138, and has since then® reported the respective percentage ratios to 
be 5.9, 8.9, 11.1 and 74.2. This makes the even to odd ratio of isotopes about 
five to one. 

At the time the preliminary report was made the two components 
+0.0279A and +0.0185A of \4934 had only been suspected because of a 
gradual shading in intensity on the long wave-length side of the parent line. 
The presence of these new components increases the intensity ratio between 
parent line and the satellites so that it is of the right order of magnitude to 
agree with Aston’s work. 
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Fig. 1. Hyperfine structure energy level diagram of barium resonance lines, Ba I. 
£ YI $) S 


It was possible to observe these components only when using etalon spac- 
ings (25 mm), such that the —0.048A component fell on the next chief inter- 
ference maximum; and (30 mm), such that —0.048A and +0.0279A fell very 
close to a higher order chief maximum, one on each side. This enabled ac- 
curate AX measurements to be made on these components, but prevented 
intensity measurements being made, since all the components could not be 
resolved on the same plate. Thus the intensities given for these components in 
Table I are estimated intensities. That they are all of about the same in- 
tensity can be seen from Fig. 2 which shows a microphotometer curve of 
44934. The components are unresolved, (due to the fact that the plate was 
taken with a 13 mm etalon separation) but are drawn in their relative posi- 
tions. , 

Fig. 3 shows a simlar microphotometer curve for \4554. The two com- 


® Aston, Proc. Roy. Soc. 134, 571 (1932). 
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ponents of this line are clearly resolved on the original plate but unfortunately 
the microphotometer does not show this. Therefore the intensity ratio of these 
two components was obtained in the following way. The center of the parent 
line was determined by bisecting the peak of the curve. Then the left side of 
the parent line was drawn, making it symmetrical about the center line. The 
right side of the —0.0340A component was projected in the same way, thus 
giving the shape and position of that component. The ordinates of the 














ke “0.05 On 


Fig. 3. Microphotometer curve of \4554. 


—0.0340A component and parent line were subtracted from the microphotom- 
eter curve to give the form and position of the +0.0177A component. When 
its position had been determined the AX separation from the parent line was 
computed from measurements taken from the graph and found to agree with 
the measurements made on the original plate. This gives assurance that the 
components are correctly drawn in Fig. 3. The position of the peaks of the 
components may now be compared with the intensity marks (horizontal 
lines in Fig. 3) which were put on as described above and the intensity ratio 
obtained in this way. Such a calculation gives the value 1.41 to 1 for the in- 
tensity ratio of the components +0.0177A to —0.0340A. 

A calculation of the theoretical intensities for the hyperfine components 
under consideration gives the following results for i= 5/2. 
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Thus, since the *P3/2 hyperfine levels separations are very small, the theo- 
retical ratio for the components +0.0177A to —0.0340A is 1.40 to 1. This 
fits the above data and ¢ has, therefore, been chosen as 5/2. 

Two difficulties arise from this choice. The fourth component to A4934A is 
missing. But its theoretical intensity has only a ratio of 1 to 3.5 with respect 
to the other components, and it is, therefore, too weak to observe. Com- 
ponent +0.0185A has a theoretical ratio to +0.0275A of 4 to 5, and the 
curves show the two about equal in intensity. This may be due to the fact 
that the components were unresolved on the plate from which the curve in 
Fig. 2 was made. It may also be added that visually, component +0.0279A 
appears more intense than component +0.0185 on plates taken with a 25 mm 
etalon separation. 

If « were 7/2 the theoretical intensity ratio of components +0.0275A 
and +0.0185A would be about 3 to 2 and such a ratio would not fit the curve 
in Fig. 2. Since this ratio increases as i increases it must be concluded that 7 
is probably less than 7/2. On the other hand, even though the experimental 
intensity ratio of the components of \4554 (1:41 to 1) indicate that 7 is 5/2, it 
must be admitted that the errors involved in the method of synthesizing the 
curves in Fig. 3 do not eliminate entirely the possibility that 7 may be 2 or 3. 
Thus, while the data give the most probable value of 7 as 5/2, it may be that 
3/2S1<7/2. 

The hyperfine energy level diagram shown in Fig. 1 shows the theoretical 
hyperfine structure multiplets at the bottom. The observed Av separations 
are given. For \4554 the two groups of three components each are unresolved 
and the observed Av is between the centers of gravity of the two groups. The 
energy level scheme has been built up from these data. The separation for 
the hyperfine levels of ?.S;;2. is 0.272 cm~!. The unsplit *.S;,2 level for the even 
isotopes, where 7=0, has been conveniently placed at the center of gravity 
of the hyperfine levels. The *P,;2 hyperfine levels are separated by 0.039 cm“. 
This indicates a relative isotopic shift between the unsplit ?P and °S levels 
for even isotopes and the center of gravity of the hyperfine levels of the odd 
isotopes of about 0.022 cm. 

The total widths of the hyperfine levels of *P3/2 is about 0.033 cm™. 
Here also, there is an indicated isotopic shift of about 0.017 cm™. 

Other lines given in Table I were examined but no structure was found. 
This must mean that the hyperfine splitting in 7s?S,,;2 is very small. 

All of the above mentioned etalon separations and times of exposure were 
used in order to make an exhaustive search for the components reported by 
McLennan and Allin but none were found. 

The authors wish to express their appreciation for various helpful sug- 
gestions which Professor R. A. Sawyer has given them during the course of 
this investigation. 
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The Elimination of One Boundary Condition for a Sphere in 
Radiative Equilibrium by a Layer in Adiabatic 
Equilibrium 
By HERMAN RotTH 
Mendenhall Laboratory of Physics, Ohio State University 
(Received June 21, 1932) 


In a previous paper a solution of the equations for a slowly contracting or ex- 
panding fluid sphere in radiative equilibrium was obtained. In this solution, for par- 
ticular values of the central pressure and temperature, a certain parameter, a, de- 
pending on the rate of contraction, determined whether or not the solution fulfilled 
the boundary conditions at the surface. For values of the parameter less than this cri- 
tical value the solution is physically impossible. In this paper it is shown that an 
atmosphere in adiabatic equilibrium can be fitted to the solutions with values of a 
larger than the critical value. Thus the equations stating that p and T should approach 
zero together for some finite r and m are replaced by an inequality of which the com- 
pletely radiative solution gives the limiting case. In general, the masses, radii, and 
luminosities, of such stars are larger, while the effective temperatures are smaller, than 
those of stars completely in radiative equilibrium. 


I. INTRODUCTION 


N a previous paper,'! a solution of the equations for a slowly contracting or 

expanding fluid sphere in radiative equilibrium with opacity given by 
Kramers’ formula,’ satisfying the boundary conditions at the surface, p=0, 
T =0, for some finite r and m, was obtained. The method used was to assume a 
finite pressure and temperature of stellar magnitude at the center, and then 
adjust a certain parameter, a, depending on the rate of contraction and the 
specific heat of the matter at constant volume, so that the boundary condi- 
tions at the surface were satisfied. It was found that the values of a@ smaller 
than the critical value lead to solutions which approach isothermal solutions 
at great distances from the center and thus have infinite mass. For values of a 
larger than the critical value the temperature approached zero for a finite pres- 
sure at a finite distance from the center. The suggestion was made that it 
might be possible to fit an atmosphere in adiabatic equilibrium to the latter 
case. The definite relation between the pressure and the temperature in an 
adiabatic atmosphere requires that the pressure and temperature approach 
zero at the same time. Hence the absolute value of the temperature gradient 
in the radiative solution with ana larger than the critical value must be larger 
in the outer part of the solution than the adiabatic temperature gradient. At 
the point where the temperature gradients are equal the entropy density 
determined for the radiative solution will be a maximum.’ At points nearer 
the center than this point, the absolute value of the temperature gradient 


1 Herman Roth, Phys. Rev. 39, 525 (1932). Hereafter referred to as I. 

2 Jeans, Astronomy and Cosmogony p. 84 (1929). 

3 This is obvious if we determine the temperature gradients from Eq. (7) and remember 
that the entropy is constant in an adiabatic atmosphere. 
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will be less than the adiabatic temperature gradient. Since the equations of 
adiabatic equilibrium lead to a solution fulfilling the necessary boundary 
conditions at the surface, the equation which states that the pressure and 
temperature approach zero together at the surface can be replaced by an 
inequality for which the completely radiative solution gives the limiting case. 
Thus there is the possibility of a star whose innermost portion is in radiative 
equilibrium and whose outer portion is in adiabatic equilibrium.’ A large frac- 
tion of the star’s mass may be contained in this outer layer as is shown by the 
example worked out in this paper. 


Il. ADIABATIC SOLUTION 
The equations of radiative equilibrium for a slowly contracting or expand- 
ing fluid sphere,! with opacity given by Kramers’ formula® are, with con- 
venient units 


dP/dm = — 53.00m/r4 (1) 
dT/dm = — 2.793 K 10°Lp/rtT?5 (2) 
dp/dm = — 53.00m/r+ — 1.019 K 10-*T8dT dm (3) 
dr/dm = 3.287T/r*p (4) 
dL/dm = aT (5) 
where 
P=p,+ p= (})aT* + RT/o 


(6) 


a 


0.6195 X 10"/'/f, forC, = 3R/2. 


It was found! that the critical value® of a was 0.172 and that the solution 
for w=0.175 leads to the temperature approaching zero before the pressure. 
At the point of maximum entropy density of the radiative equilibrium solu- 
tion, the temperature gradient is equal to the adiabatic temperature gradient. 
This is the transition point from radiative to adiabatic equilibrium. The 
adiabatic temperature gradient is computed as follows. °® 

The entropy per unit mass of a perfect gas with radiation is given by 


s = daT*o/3 + foar T+ Rioge. (7) 


The entropy is constant in any system in adiabatic equilibrium. Therefore 
with C, constant and equal to 3R/2 


3 R\ dt 
(40 T’s + — =\o 
do 2 T/ dm 


— = —-— ———. (8) 


dm 4 R 
(= aT? + -) 
3 o 


* The telescopic appearance of the sun's photosphere suggests that the layer just below the 
photosphere might be in adiabatic equilibrium. 

5 In the previous paper, this was erroneously given as 0.17. 

6 These equations are implicit in the work done by Eddington, Internal Constitution of the 
Stars, p. 190 (1928). See also L. H. Thomas, Monthly Notices of Royal Astronomical Society 
91, 123 (1930). 
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The total pressure is given by (6) and hence 


dP 4 R\ dT RT do 
— =(— gt? + -) oh ae 








dm 3 ao / dm a” dm 
Eliminating do /dm between (8) and (9) 
4+ aT%o ) 
ha 
dT dP 3. sR T 
dm dm 4aT*o 2 4aT*o 3 p 
3R 2? 
Then substituting 
ro ee 
p RT — 3R 
o 
We obtain 
dT dP { (44 + 1) | T ™_ 
— = — 4— _ (1¢ 
dm dm \(4A+ 1)(4A+4)—1.5) p 


in a convenient form for numerical work. Eq. (10) new replaces (2) of the 
radiative equations while the other equations remain the same. The transi- 
tion point is found to occur at the point m =0.9676 of the solution I. Starting 
from this point, the equations were integrated in about seventy steps. The 
results at a few of the steps are shown in Table I. 


TABLE I. Solution of adiabatic equilibrium equations. 


pX10-" rX10-" 








TX10-* 





m X 10-%8 














gms dynes/cm? cm degrees 
0.9676 2.7278 2.2382 3.9322 
1.1524 2.4042 2.4130 3. 7868 
1.2100 2.3206 2.4642 3.7456 
1.2706 2.2356 2.5194 3.7026 
1.3342 2.1496 2.5739 3.6581 
2.0706 1.3329 3.1653 3.1551 
2.2286 1.1931 3. 2880 3.0481 
2.8528 0.73745 3.7803 2.6192 
3.6518 0.32035 4.4900 2.0093 
4.1830 0.12884 5.1097 1.5035 
4.5626 0.034324 5. 8086 0.97890 
| 4.7117 0.0086333 6.3522 0.61225 
4.7566 0.0026131 6.6760 0.40614 
4.7768 0.0002946 7.0164 0.19924 
4.7797 0.0000033 7.2652 0.055025 
4. 0.0000020 7.3012 0.034672 














Near the surface 7 and p vary more rapidly compared to m than com- 
pared to r. Hence more accurate results can be obtained by changing the in- 
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dependent variable form m to r. Further it is easily seen that with small 
values of 7°, \ is small and hence near the boundary the equation giving the 
temperature gradient can be replaced by 


dT . T dp 
——— f() nin. gaat 
dm p dm 


where f(A) approaches the value 0.4, and dP/dm approaches dp/dm. Therefore 


near the boundary 
T 1 dT Pol d 
f ees = Q. 4 f samaeel mf 
o IT dm o p dm 


To = cpo*'. 





and 


Hence near the surface a solution may be obtained in this manner. This was 
used to estimate the mass contained within the last few intervals of the solu- 
tion. 

Ill. RESULTs 


The mass’ of the star completely in radiative equilibrium (for a =0.172) 
is 4.1510, while the mass of the star with an adiabatic laver (for a=0.175) is 
4.7797, 80 percent of which is in the adiabatic layer. The luminosities are 
2.3513 and 2.45 respectively and the radii are 5.3245 and 7.3012 respectively. 
Although the luminosity increases, r? has a proportionately larger increase, 
thus leading to a lower effective temperature. If the completely radiative 
solution is supposed to mark out a mass-luminosity law, then in our case we 
have a displacement to the side of a higher mass for the same luminosity. 

The solution I represents a series of stars of the same mass but at different 
stages of contraction, the internal pressure, temperature and radius varying 
in proportions given by Lane’s law. Besides these, there is a wider group with 
different rates of contraction which are not completely in radiative equi- 
librium but have an outer layer, which may contain a large fraction of the 
total mass of the star, in adiabatic equilibrium. In general the latter stars 
have more mass and also a higher luminosity. 

The replacing of the equation between the parameters, stating that p and 
7 should approach zero together at the surface in a completely radiative 
solution, by an inequality, for which the completely radiative solution gives 
the limiting case, allows a wider choice in the parameters than is possible in 
the completely radiative solution. 

I wish to thank Dr. L. H. Thomas, for his suggestion of this problem and 
his assistance in its solution. 


7 In convenient units; m, 10° g; r, 10"! cm; L, 10® ergs/sec. 











T= 


we 











AUGUST 1, 1932 PHYSICAL REVIEW VOLUME 41 


The Magnetic Susceptibilities of Alpha- and 
Beta-Manganese* 


By Mary A. WHEELER 
Sloane Physics Laboratory, Yale University 


(Received June 6, 1932) 


Pure alpha-manganese was prepared by distillation. Beta-manganese was pre- 
pared by melting a sample of the alpha-manganese in vacuum, and quenching it 
in water from about 1000°C. The mass susceptibilities of these two specimens were 
measured by a null-reading, astatic magnetometer, and found to be 9.60(10)~* and 
8.80(10)~® respectively. These results eliminate the possibility that the ferromagnetic 
manganese found by some investigators is either the alpha-or the beta-crystal form. 


INTRODUCTION 


N THE periodic table manganese lies in the same transition series as the 

ferromagnetic elements, iron, cobalt, and nickel, and adjacent to them, 
and also might be expected to exhibit ferromagnetism. However, although 
the magnetic properties of manganese have been the subject of several in- 
vestigations, the results have disagreed even in such an important respect as 
to whether it is or is not ferromagnetic. Undoubtedly many of the discrep- 
ancies are attributable to chemical impurities, especially in the work of the 
early investigators. Manganese is a very active element chemically, and many 
of its alloys and chemical compounds are ferromagnetic. Iron as an impurity 
is not so important as carbon and nitrogen, as 18 percent of manganese in 
iron causes the iron to lose its ferromagnetism, while carbon and nitrogen, 
which form highly ferromagnetic compounds with manganese, are more 
likely than iron to be overlooked. 

Honda! and Owen? found the susceptibilities of their specimens to be 
10.6(10)-® and 8.93(10)~* respectively. Both these investigators were very 
careful to avoid iron. Honda and Soné,* and Ishiwara,* using similar speci- 
mens of Kahlbaum’s manganese, measured susceptibilities of 9.70 and 9.66 
(10)~*. Kuh,> who prepared a sample electrolytically, found it to be ferro- 
magnetic, as did Hadfield. Freese? repeated Kuh’s work, suspecting that 
the ferromagnetism might be due to hydrogen, since the last step in the prepa- 
ration was heating a manganese amalgam in hydrogen. He also prepared 
specimens by sputtering in hydrogen, but found no consistent effect of the 
hydrogen. 


* Part of a dissertation presented for the degree of Doctor of Philosophy in Yale Uni- 
versity. 

1K. Honda, Ann. d. Physik [4] 32, 1027 (1910). 

2 M. Owen, Ann. d. Physik [4] 37, 657 (1912). 

3 K. Honda and T. Soné, Sci. Rep. Tohoku Imp. Univ. [1] 2, 27 (1913). 

‘ T. Ishiwara, Sci. Rep. Tohoku Imp. Univ. [1] 5, 53 (1916). 

5 E. Kuh, Diss. Zurich (1911). 

6 R. Hadfield, C. Chéveneau, and Ch. Géneau, Proc. Roy. Soc. [A] 94, 65 (1917). 

7H. Freese, Phys. Zeits. 29, 191 (1928). 
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Since the magnetic susceptibilities of many substances have been found 
to vary in different crystal forms, the object of this research was to investi- 
gate what difference in susceptibility might exist between the alpha- and beta- 
crystal forms of manganese at room temperature. Manganese exists in three 
crystal forms, alpha, beta, and gamma. The alpha form is the low tempera- 
ture modification, stable up to 742°C.’ The beta form is stable from 742° 
to 1191°° and can be obtained in specimens quenched at room temperature 
from this temperature interval. Both these forms are cubic, having 58 and 20 
atoms per unit cube respectively.'’ The gamma form is present in specimens 
prepared electrolytically, but changes back to alpha automatically in a couple 
of weeks. It is stable above 1191°, but has never been obtained in pure man- 
ganese by quenching. 

The susceptibility of manganese as a function of the temperature was 
measured by Shimizu who found unusually low values for his samples, which 
were prepared by distillation and were 99.9 percent pure. Some of his results 
are as follows: 


Crystal form alpha beta gamma 
Temperature 20°C 810°C 1100°C 
Susceptibility 7.53(10)-® 6.01(10)~* 8.41(10)~® 


None of these exhibited ferromagnetism in the temperature interval in which 
they were stable, but he did not investigate the high temperature forms at 
room temperature. 


PREPARATION OF SAMPLES 


Two samples of manganese were used for these researches, both pre- 
pared by the method of distillation, which yields manganese with a very 
small percentage of impurities. The first specimen was very kindly supplied 
by Dr. Walters of the Carnegie Institute of Technology, and was stated to 
have the following impurities: C, 0.009 percent; Fe, Al, Si, spectroscopic 
traces. Some manganese was purified similarly in an Ajax 30 KVA induction 
furnace. In general the method consisted in placing the crude manganese in 
a magnesia crucible with a second inverted crucible resting on it. The whole 
was placed in a silica tube which was evacuated to (10)~? mm. The manganese 
was then heated inductively to a temperature just above melting. As pure 
manganese is very volatile, it distilled onto the upper crucible leaving the 
impurities in the undistilled portion. 

To obtain manganese in the beta-crystal form without impurities suffi- 
cient to vitiate magnetic measurements, it was found necessary to melt the 
pure distilled alpha-manganese into a lump in vacuum, then quench it in 
cold water, so that only the surface became impure. To do this, the man- 
ganese in a magnesia crucible was supported inside a tube of Berlin porcelain 
which was sufficiently nonporous at the melting point of manganese to hold 


’ M. Gayler, J. Iron and Steel Inst. 115, 393 (1927). 

® E, Persson and E. Ohman, Nature 124, 333 (1929). 

10 G. D. Preston, Phil. Mag. [7] 5, 1198 (1928). 

1 Y, Shimizu, Sci. Rep. Tohoku Imp. Univ. [1] 19, 411 (1930). 
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a vacuum of (10)-* mm. This tube was surrounded by a carbon ring which 
in turn was surrounded by the coil of the induction furnace. Most of the heat 
was generated in the carbon ring. Ground joints between the tube and the 
Pyrex vacuum system were sufficiently distant from the heat to be easily 
water cooled. At the instant of melting the pressure rose to (10)-* mm, but 
otherwise kept down to (10)-* mm. When the manganese melted, argon was 
introduced, and then the manganese lump was quickly driven through the 
bottom of the tube into cold water. This lump was covered with an oxide 
film, which was removed by sandblasting. 

No chemical analysis can as yet be obtained for this specimen. After 
consultation with leading authorities on the determination of gaseous im- 
purities in metals, it appears that the errors in nitrogen determinations are 
as large or larger than the total amount of nitrogen probably present here. 
The specimen is being retained in the hope that a more precise method may 
soon be available. However, the susceptibility measurements are a delicate 
test for ferromagnetic impurities, and others cause only a small percent error. 
The probable impurities here would be carbon and nitrogen, both of which 
form ferromagnetic compounds with manganese. 


X-RAY ANALYSIS 
To determine the crystal structure of these samples, x-ray powder photo- 
graphs were taken with Mo Ka radiation. The value of tan 26 for Mo Ka was 
calculated from the data given in papers by Sekito” and Preston" for tan 20 
for Fe Ka, and compared with tan 26 from these samples. (Tables I and II.) 












































Tan 26 from Intensity Tan 26 calcu- Estimated 
Sekito from Preston lated from film intensity 
1 0.354 200 0.354 200 
2 0.395 200 0.396 100 
3 0.416 100 
4 0.435 100 0.433 75 
5 0.594 40 0.593 50 
6 0.624 100) 
7 0.644 200 0.635 % 
8 0.675 140 0.678 100 
6 lines of lower intensity 
15 0.825 200 0.825 50 
TABLE IT. Quenched specimen compared with beta-manganese. 
Line Tan 2¢ from Intensity ‘Tan 20 calcu- Estimated 
Sekito from Preston lated from film intensity 
1 0.354 strong 0.354 very strong 
2 0.374 . 0.374 strong 
3 0.395 ™ 0.395 medium 
+ 0.451 e 0.454 weak 
5 0.525 medium | men 
6 0.562 “of 0.541 weak 
7 0.661 very strong | a ee 
8 0.675 medium J 0. 668 fairly weak 
9 0.712 very strong 0.710 weak 








2 R. M. Bozorth, J. Opt. Soc. Amer. 10, 591 (1925). 
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In the comparison of the values for alpha-manganese with those from 
Sekito, it is clear that the prominent lines coincide. Preston and Sekito used 
cameras with circular film, and so got the lines for larger angles with rela- 
tively greater intensities. This explains the absence on our film of lines No. 9 
through No. 14. The intensity maximum extending from tan 26 0.395 to 
0.435 showed practically no structure. This was interpreted as two lines at 
the distances noted, but another line may have been present in the interval. 

For the beta specimen, the lines coincided within the errors of measure- 
ment. The lines reflected at larger angles, No. 10 and above, were absent 
because of the greater distance from powder to film, as on the first film, and 
lines No. 5 and 6, as well as lines 7 and 8, were not resolved. 

No lines which could be attributed to the gamma structure were found 
on either film. 

MAGNETOMETRIC MEASUREMENTS 


The magnetometer used was essentially like one described by Bozorth,” 
and was a null-reading instrument. Two small parallel magnets of equal 
moment were mounted horizontally, one above the other, with north poles 
in opposite directions, thus forming an astatic system. The specimen was 
placed so that each end was at the level of one of the magnets; thus each in- 
duced pole exerts the same torque on the astatic system. An equal distance 
from the astatic system but on the side opposite the specimen was placed a 
coil of proper dimensions, which, when traversed by a suitable electric cur- 
rent, balanced the total torque exerted on the astatic system by the speci- 
men. The specimen was supported in a magnetizing solenoid, and the balanc- 
ing coil in a similar solenoid, provided to cancel the torque on the magnets 
due to the magnetizing solnoid. Since the dimensions of the balancing coil 
and the current passing through it gave its magnetic moment, which was 
adjusted to be the same as that of the specimen, the magnetic moment and 
susceptibility of the specimen could be calculated. 

The container for the specimen of powdered manganese was a glass tube 
cut from a 2 cm* hypodermic syringe of inside diameter 0.9083 cm, with ends 
ground flat and plugged with amber so that the inside length was 4.000 cm. 
The balancing coil used to counteract the torque of the specimen on the 
astatic system was wound on an amber spool which was so slightly para- 
magnetic that it deflected the magnetometer zero less than 1 mm, that 
being about the limit of accuracy in single readings. Two coils were wound 
identically, for purposes of adjustment, with two layers of 186 turns each. 
The winding space was 4.000 cm long, and 0.824 cm in diameter. The mag- 
netizing solenoids were wound on brass spools 15 cm long and 1.585 cm in 
diameter, with 5027 turns in 20 layers. A current of air was kept constantly 
flowing between the specimen and the spool, and this eliminated much shift- 
ing of the wires as they heated, and also kept the specimen within a few 
degrees of room temperature. The adjustment was carried out as suggested 
by Bozorth, except that it was not found possible to hold the same adjust- 
. ment for various high fields. 

As the balancing coil was wound in two layers its moment was measured 
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magnetically by the common method of placing it in the center of a long 
solenoid, and measuring the charge passed through a calibrated ballistic 
galvanometer in series with the balancing coil and a standard mutual in- 
ductance, when a current was passed through the solenoid. From this, the 
magnetic moment, 7, was found to be 21.62 7, with a probable error of 
} percent, where 7 is the current through the balancing coil in amperes. 

The average value of the field, 77, in the magnetizing solenoid was cal- 
culated to be 0.982 of that of an infinite solenoid of the same number of turns 
per unit length. Therefore, // in gauss was found to be 413.6 J, where J is 
the magnetizing current in amperes; and x, the mass susceptibility, 
= )//II-mass, or 52.27(10)-*7/J- mass. 
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Fig. 1. Upper line, beta-manganese; lower line, alpha-manganese 


The total deflection without balancing current was between 5 and 10 cm, 
and the limit of accuracy in each reading was about 1 mm. Since the volume 
susceptibility turned out to be of the order of (10)~*, the demagnetizing effect 
of the poles of the specimen was neglected. With the astatic system in its 
zero position, the resultant field produced by its magnets on the specimen 
would be small. Experimentally, no change in value was noticed when the 
zero was changed slightly, or when the suspended system was rotated through 
180°. The field on the specimen in the direction of its axis due to the second 
magnetizing solenoid in which the balancing coil was supported was calcu- 
lated to be 1/400 that of the first magnetizing solenoid, and was neglected. 
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The diameter of the container was slightly larger than the average diameter 
of the balancing coil, but it seemed impossible that this could make a meas- 
urable change in the result, especially as the average diameter of the sample 
of manganese must necessarily be smaller than the container. 

It is conceivable that the powdering of the manganese to place it in the 
container might have changed the susceptibility. Evidence would suggest 
that if this happened the susceptibility was increased rather than decreased 
by the powdering. As no change of susceptibility with field was noted, there 
could have been present no measurable ferromagnetic impurity, and a para- 
magnetic impurity would cause only a small percent error. 

The results are presented in Table III and in Fig. 1 which shows the 
straight line relations to be expected in the absence of ferromagnetic im- 
purities. 


TABLE III, Susceptibility measurements on alpha-and beta-manganese. 























Mass of sample, 11.307 grams Mass of sample, 10.420 grams 
I i- 10° (¢/Z) - 108 I i: 10° (¢/T) - 10° 
0.095 0.189 1.989 0.227 0.390 1.718 
0.106 0.216 2.038 0. 250 0.430 1.720 
0.120 0.248 2.067 0.256 0.441 1.723 
0.158 0.327 2.070 0.278 0.482 1.734 
0.172 0.360 2.093 0.300 0.524 1.747 
0.197 0.409 2.076 0.327 0.568 1.737 
0.233 0.482 2.069 0.350 0.606 1.731 
0.252 0.543 2.30 0.370 0.645 1.743 
0.271 0.562 2.074 0.400 0.712 1.780 
0.297 0.617 2.077 0.426 0.763 1.791 
0.330 0.680 2.061 0.452 0.793 1.754 
0.361 0.749 2.075 0.472 0.844 1.788 
0.400 0.836 2.090 0.500 0.900 1.800 
0.427 0.900 2.108 0.507 0.897 1.769 
0.463 0.970 2.095 0.524 0.940 1.794 
0.530 1.10 2.075 
i/I = (2.076 + .006) - 10-8 | ¢/1=(1.754 +.005) - 10-8 











x = (9.60 + .03) -10-6 | x =(8.80+.02) - 10-6 


CONCLUSIONS 

Thus, it can be concluded that for alpha-manganese the mass suscepti- 
bility is 9.60(10)~®, and for beta-manganese, 8.80(10)~*. Considering that the 
specimens previously measured were probably a mixture of these two crystal 
structures, this result is lower than Honda's first value of 10.6(10)-*, and 
agrees better with his second value, 9.70(10)-*, and with that of Owen, 
8.93(10)-®. The more recent work of Shimizu gave still lower values, as 
previously noted. For these low values no explanation can here be offered. 
No trace of the ferromagnetism observed in the specimens of Kuh, Hadfield, 
and Freese was found. 

The writer wishes to extend her thanks to Dr. Walters who so kindly 
furnished samples of pure manganese. She also wishes to express apprecia- 
tion to Professor L. W. McKeehan for suggesting the problem and for advice 
and criticism during its progress. The research was made possible through the 
grant of the Loomis Fellowship, established by Francis E. Loomis and Henry 
B. Loomis. 
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The Magnetic Susceptibility of Nitrogen Dioxide 


By GLENN G. HAVENS 
University of Wisconsin, Madison 
(Received June 2, 1932) 

A method has been developed whereby sensitivities for volume susceptibilities 
as high as 3X10-" can be obtained. The main improvement in the method over 
that of other observers is in the construction of lighter test bodies and the use of 
smaller fibers. The method is applied to the measurement of the susceptibility of NO». 
The results agree within the limit of experimental uncertainties with Van Vleck’'s 
theoretical value for the molecular susceptibility of NO. namely, x(NO2) =0.375 x(Oz). 
The susceptibility of NsO, comes in as a second order effect and the value x(N2O,) = 
—30X10-* +20 percent is in fair agreement with the value x(N2O,4) = —25.8 X10 
obtained by T. Soné. 


I. INTRODUCTION 


N VIEW of the large discrepancies in the results of various observers for 
the magnetic susceptibilities of many gases and of the growing theoretical 
interest in these experimental values, it seemed advisable to carry on a series 
of experiments designed to increase the dependability and accuracy of the 
measurements. With this view the writer has designed an apparatus for the 
measurement of low susceptibilities for gases such as hydrogen or helium, 
which are fairly inert and can be readily purified. 
Nitrogen dioxide is of interest both theoretically and chemically; its sus- 
ceptibility should be given by the formula derived by Van Vleck,' namely: 


x(NOs) = 4NB2S(S + 1)/3kT + Na 


where Na is a small residual term due to high-frequency elements, 8 is the 
usual Bohr magneton, and S is the spin quantum number of the molecule and 
is presumably equal to } for NOs. The susceptibility of O2 is given by the 
same formula. However since the ground level for this molecule is a *2~! 
state making S=1, it follows that x(NO+)/x(O2) =0.375. Experimentally 
Soné finds this ratio to be about one sixth of this value. Verhoek and Daniels* 
have worked out the dissociation constant for nitrogen tetroxide, and it is 
of interest to see whether the use of their value for the dissociation constant 


would lead to a consistent correlation of the magnetic measurements. 


II. DEsS!GN OF THE APPARATUS 


The Faraday method, whereby an oblong shaped test body is suspended 
in a nonhomogeneous field surrounded by the gas under investigation, was 
used. The method has been improved upon and used for the measurement of 


1 J.H. Van Vleck, The Theory of Electricand Magnetic Susceptibilities, pp. 274. 
* Také Séné, Sci. Rep. Toh. Imp. Univ. 11, 139 (1922). 
’ Verhoek and Daniels, J. Am. Chem. Soc. 53, 1250 (1931). 
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the susceptibility of gases by Glaser,t Hammar,® and Bitter.® The tube used 
by the writer is similar to the one used by previous workers except that the 
important parts of the tube were given a conducting film of gold or platinum 
and grounded so that there could be no electrostatic effects (Fig. 1). It was 
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Fig. 1. Final tube. 


then found that drifts of the test body and the change in total torque from 
day to day were, as far as could be observed, completely eliminated after the 
tube and moving parts were carefully grounded. 








Fig. 2. Types of test bodies. 


The main improvements in the method which the writer has introduced 
have come through the development of better test bodies and the use of 
smaller fibers. Four types of test bodies have been used by the writer. Fig. 2. 

‘ A. Glaser, Ann. d. Physik 75, 459 (1924). 


5G. W. Hammar, Nat. Acad. Sci., Proc. 12, 597 (1926). 
°F. Bitter, Phys. Rev. 36, 1648 (1930). 
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The first type is a solid ellipsoid of the type used by Hammar’ and by Glaser.‘ 
The one of this form used by the writer weighs 1.8 g. The second one isa hol- 
low quartz ellipsoid weighing less than 1 g. It has the additional advantage 
that the quartz compensators reduce the total torque caused by the quartz 
to nearly zero. The ellipsoid is evacuated and sealed off, whereas the com- 
pensators are open to the gas. These compensators not only compensate for 
the torque caused by the field on the material of the test body itself but also 
reduce the effect of temperature disturbances. The third type of test body is 
similar to the one designed by Bitter,*® except that fused quartz replaced glass. 
It has the apparent advantage of better symmetry; but its great disadvantage 
is that it weighs about 7 g. The compensation resulting from symmetry is 
apparent rather than actual, because, even if the test body were of perfect 
construction, there would be total compensation for only one position in the 
field, and if the test body be moved even a small distance from this position, 
the total torque would be increased to values as great as those obtained by 
the use of the other types of test bodies. The test body at the right of the 
figure is the type finally used. It consists of two evacuated spherical bulbs 
attached together and compensated by a small quartz rod. The one now in 
use weighs less than 100 mg and has a coat of evaporated gold on the surface. 
By allowing the test body to rotate until the surface comes in contact with a 
grounded gold wire, any accumulated electrostatic charges can be removed. 
With this type of test body it is possible to use much smaller fibers than with 
the other types and it has the further advantages that the magnetic field 
does not have to be held so constant, and changes in temperature are not so 
troublesome. The following table gives approximately the sensitivity of the 
four different types of test bodies which were used. The volume susceptibility 
of hydrogen for comparison is about 2 X10-"". 


Type: I II Ill IV 
Sensitivity: 410°" 1X10-8 1x10-" 3x 107-" 


The compensators of the fourth-type test body were of such diameter and 
length that the total torque on the test body was nearly zero when in the 
position indicated by Fig. 3. The angle 6 was made so that one could find a 
position of only slightly stable equilibrium; usually @ turned out to be about 
75°. The nearer 6 approached the angle giving unstable equilibrium, the 





Fig. 3. Position of test body in the field. 


longer would be the period of vibration and thus the higher the sensitivity, 
limited only for a given test body by the accuracy of the torsion head. Fig. 4 
shows a typical curve of the relation of the torque to the angle a of the test 
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body in the magnetic field. If A and B are angles of minimum and maximum 
torque, the difference of the torque at 4 and B depends upon the angle 6, and 
the value of the slope of the curve in Fig. 4+ indicates the degree of stability, 
negative slopes meaning unstable equilibrium. Thus A and B are positions 
of neutral equilibrium and therefore high sensitivity; A on the curve would 
be a better angle than B because the total torque is less and therefore the 
fluctuations due to changes in field strength and temperature are smaller. 


Torque / a 








Fig. +. Torque as a function of the angle a. 


If A and B are too close together, it becomes difficult to keep the test body 
between these positions when the field is initially being applied; that is, 
while the field is rising from 0 to its final constant value. With a period of 
about one minute, sensitivities have been reached for which volume suscepti- 
bilities of 3X 10-" were observable. 

The torque on a twisted fiber varies directly as the angle through which 
the fiber is twisted, inversely as the length, and inversely as the fourth power 
of the diameter. Thus for the highest sensitivities it is desirable to have a 


: onge rubber 
quarts steffs °P g 


me bber tubir yubber band 
— ee g / 
—— + -</ 


smo tused quortz ll 


Fig. 5. Fiber drawing apparatus. 

















fiber of such diameter that the error in reading the torsion head will be less 
than that of the scale of the optical lever used to tell the position of the test 
body in the field. For a 3u fiber with a 100 mg test body the torque is more 
than 2 revolutions of the fiber per atmosphere of hydrogen, and over 1500 
revolutions per atmosphere of oxygen. The strength of this fiber is not suffi- 
cient for the heavier test bodies but is many times the strength necessary for 
the light test bodies. 

Fibers of any diameter as low as 1 can be readily drawn where it is not 
required that each end of the fiber be attached to a large staff of quartz. 
However, since shellac or other organic compounds could not be used in this 
experiment for connecting the fiber to the torsion head because of the action 
of NOs, it was necessary to devise an apparatus capable of drawing a fiber 
of a given diameter and length from two quartz staffs without breaking the 
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fiber. The filer “rawing apparatus consisted merely of a stretched rubber 
bend holcing a quartz staff which would fly into a sponge rubber socket when 
released. (Fig. 5) At present fibers as small as 0.6u in diameter and 50 cm 
long have been successfully made with this apparatus. The variation in the 
cizmeter along the entire length is less than 0.1u, except for about 1 cm at 
e-ch end. It has been found possible to draw the quartz staffs down very 
sharply to a 3u to 5yu fiber. The absence of gradual tapering means that there 
is a definite point of contact between the staff and fiber upon which a micro- 
scope can be focused for centering purposes. The fiber is then centered very 
simply by heating the quartz staff in a horizontal position until its sags, due 
to its own weight, to the correct position. Fibers can be centered in this man- 
ner to within a radius of 5y. 

Because mercury is attacked by NOs, a special pressure measuring de- 
vice, due to Professor Daniels,’ was used whereby the pressures of NO» 
+N-,O, were measured by balancing the pressure of NOo+N,0, on the one 
side of a glass diaphragm against that of air on the other side. The pressure 
of air was then measured using an ordinary manometer. 


TABLE II. Taken at 20.05°C. 














Pressure of Torque on Pressure of Torque on 
NO2+N.0, in the fiber NOe+N20, in the fiber 
cm of Hg in revolutions cm of Hg in revolutions 
1.94 60.752 35.58 153.558 
2.99 66.000 37.69 156.727 
4.18 71.995 39.55 159,998 
5.28 76.087 41.66 163.079 
6.28 80.991 43.51 166. 254 
7.49 85.925 45.89 169.988 
8.67 90.080 48.20 73.728 
9.89 94.182 50.00 175.675 
10.92 97.082 51.52 178.165 
12.64 102.429 52.64 179. 648 
14.42 107.522 54.23 182.272 
17.03 114.623 55.91 184.382 
18.43 118.358 51.09 177.673 
19.87 121.720 46.72 171.678 
21.21 124.827 41.53 163.694 
22.68 127.988 36.55 154.603 
23.94 130.814 32.20 147.338 
25.36 133.585 27.89 139.090 
26.91 136. 580 23.52 129, 947 
28.10 139.135 19.28 120.088 
28.72 140.170 15.56 110.64 
30.55 144.195 11.76 100.05 
34.01 150.414 7.85 86.791 
32.25 147.659 4.54 74.148 


III. RESULTs 
To find the susceptibility of NO, it is necessary to know the dissociation 
constant for NeO;—NO, at various temperatures. The dissociation constant 
k(N2O,) is given by: 
k(N2O3) = p2(NOz) p(N20,) 
where p(NO2) and p(N.O,) represent the partial pressures of NO, and N2O,. 
Verhoek and Daniels* have measured this constant to about 2 percent for 
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the temperatures 25°C, 35°C, and 45°C. The value of k(N2O,4) can therefore 
be found for any other temperature from van't Hoff’s equation: 
ky All T,2 — T, 
a 8 ee eee 
ke 2.303R ToT 
where A// is the heat of dissociation. From these equations, and a knowledge 
of the total pressure of the gas, the amount of NO: present can be readily 
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Pressure of NO,+ N,% 


Fig. 6. 


calculated. As the susceptibility of NO» is about 50 times that of N2O,, if we 
plot the torque on the torsion head against the partial pressure of NO: we 
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Fig. 7. 


should get nearly a straight line, inasmuch as the torque due to any gas is 
proportional to the pressure of that gas. Fig. 6 shows a typical curve of the 
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observed torques plotted as ordinates and the pressures of NO.+N,.0, as 


abscissas. Fig. 7 shows a typical curve of the observed torques plotted against 
the partial pressures of NO:. The slight curvature is due to the fact that the 





essure of 
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Fig. 8. 


susceptibility of NsO, is not zero. The curve of Fig. 8 was obtained from the 
data of Table ITI, first, by deriving from knowledge of the value of the disso- 
ciation constant, a curve of type in Fig. 7 for the susceptibility of NsO, by 


TABLE III. Taken at 20.02°C. 








Pressure of Oxygen in cm of Hg 





Torque on fiber in revolutions 





1.63 84.34 
3.75 130.66 
6.73 198.70 
9.62 263.51 
12.25 320.50 
15.08 383.63 





18.30 454.65 





assuming that x(N2O,) = —2.5 percent x(NOz). Fig. 8 gives the value x(NO2) 
= 0.390x (Oz) and is in good agreement with the theoretical value of 0.390 
x(Oz) calculated by Van Vleck,' which may be in error by as much as 3 per- 
cent or 4 percent because of the small neglected terms. Another factor which 
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might further account for the difference between this value and the theoretical 
value is the uncertainty in the value of kR(NeO,). The value x(N2O,) = —30 
10 * agrees within the limit of error with Soné’s value of —25.8X10~®. Fig. 8 
and three other curves at different temperatures give the values listed in 
Table IV. It is to be noted that the agreement with the theoretical value is 


TABLE IV, 
Temperature x(NO2)/ (4 N204) —x(N204)/x(NO2) x (NOs) X108 — (y(O2) = 3330 X10) 
22. 60°C. 0.370 2% —25.0 
20. 54 0.382 2.5% —31.3 
20.05 0.390 2.5% —31.3 
19.17 0.400 2 


8% —35.0 


| 
| 
| 


better for the higher temperatures, which are nearer the temperatures for 
which k(N.O,) was determined. Through the entire work the susceptibility 
of Oo was used as a standard. Table IIT. 

The volume susceptibility of NOs computed from the above relative 
values is kR( NOs) =579X10'. Sensitivities for k of about 10-" were used, 
therefore the small deviations from the curves of the observed points could 
not be attributed to the lack of sensitivity. 

An error of 0.1°C in the measurement of temperature would change the 
value of the dissociation constant by an amount sufficient to account for 
most of the deviations. However, with a thyratron tube arrangement for 
control, observed room temperatures was maintained constant to within 
0.1°C; in addition the temperature of the tube was read to 0.01°C, on a 
0.001°C thermometer, and corrections applied for each point on the curve. 

IV. CONCLUSION 

The results for NO: are entirely satisfactory and in accord with the theo- 
retical value of Van Vleck.' They remove the previous very bad agreement 
between theory and the only existing experimental results by Soné. The 
results for NoO 4, determined from the small curvature of the curves, should 
be correct to within 20 percent. Further work is being undertaken to deter- 
mine the susceptibility of hydrogen and some other common gases. 

The writer wishes to express his appreciation to Professor Mendenhall 
for his guidance throughout the duration of the work, to Mr. Foerst, the 
mechanician, for his cooperation in the construction of the apparatus, and 


to Mr. Verhoek and Professor Daniels for the preparation of the liquid NO, 
+N2O,. 
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Barkhausen Effect. III. Nature of Change of Magnetization in 
Elementary Domains 


By Ricuarp M. BozortH Anpb Joy F. DILLINGER 
Bell Telephone Laboratories 


(Received June 24, 1932) 


Transverse Barkhausen effect. It is found that the small sudden changes in 
magnetic moment which take place when material is magnetized, have components 
perpendicular as well as parallel to the direction of the magnetic field. Quantitative 
measurements of the transverse and longitudinal effects (changes in moment perpen- 
dicular and parallel to the direction of the field) show that the longitudinal effect 
is the larger when the magnetization is small and that the transverse effect is larger 
when the magnetization is large. Materials examined are (polycrystalline) annealed 
iron, hard-worked iron, and perminvar. 

Domain theory of ferromagnetism. The results are interpreted in terms of the 
domain theory, according to which ferromagnetic materials consist of small regions or 
domains always magnetized to saturation. Changes in magnetization are accomplished 
only by changes in the directions of magnetization in the domains. Sudden changes 
from one to another of the natural directions of magnetization in the crystal give 
rise to the Barkhausen effect, and in general have definite transverse and longitudinal 
components, the former now observed for the first time. The experiments show that 
when the gross magnetization (that of the substance as a whole) is small, the appli- 
cation of an additional magnetic field causes reversal of the direction of magnetiza- 
tion in the domains for which this direction was initially nearly antiparallel to the 
field. Experiments on annealed iron with high gross magnetization indicate, on the 
contrary, that the direction of magnetization in a domain may be altered through 90°. 


N STUDYING the Barkhausen effect, experimenters have generally ob- 

served the voltage-impulses in coils encircling the material and oriented 
with their axes parallel to the varying magnetic field. These are ascribed to 
sudden changes of the magnetization of individual small domains of the 
metal: changes which may be either complete reversals, or rotations through 
angles smaller than 180°. It occurred to us that if this view is correct, volt- 
age-impulses should appear in coils oriented with their axes at right angles to 
the magnetizing field; and that the study of these impulses, which we shall 
designate the transverse effect, should increase our knowledge of the elementary 
processes. Thus, if the transverse effect should be absent or small, it would 
be inferred that the magnetization in each domain affected by the field is 
always nearly parallel or antiparallel to the applied field. If on the other hand 
the transverse effect is of the same order of magnitude as the longitudinal 
effect previously observed, various other inferences can be drawn. 

We have detected the transverse effect and measured it together with the 
longitudinal effect, on specimens of hard-worked iron, annealed iron, and 
perminvar. The data show that the relative importance of the two depends 
on the material and on the degree of magnetization of the specimen as a 
whole; the newly observed effect is relatively small when the magnetizing 
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field JZ is less than the coercive force, and may be equal to or greater than 
the longitudinal effect when the magnetization of the material approaches its 
saturation-value. 

METHOD 


The magnetic specimens examined were in the form of tubes 60 cm long 
and about 5 mm in diameter. For measurements of the usual (longitudinal) 
Barkhausen effect the tube was placed in an axial field produced by a long 
magnetizing solenoid as shown in Fig. 1. To measure the small changes in 
magnetization taking place in a direction at right angles to that of the gross 
magnetization (transverse effect), a current was passed through a wire coaxial 
with the tube, the annular field produced by it being everywhere perpen- 
dicular to the axis. The component of the change in magnetization perpen- 
dicular to the field produced an e.m.f. in the search coils placed in the same 
positions as they were when measuring the longitudinal effect. For both 
longitudinal and transverse effects the search coils were connected to the 
amplifier and measurements of the Barkhausen “noise” made with a thermo- 
couple and galvanometer connected to the amplifier output. 

TRANSVERSE 
MAGNETIZING CURRENT 


/—~ SAMPLE . (SEARCH COILS 
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Use 
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Fig. 1. Diagram of the apparatus for measuring both longitudinal and 
transverse effects. 


As described in a previous paper,! the quantities measured were the slope 
of the B-vs.-H curve dB/dH, the rate at which the field was changed during 
measurements d/I/dt, the reversible permeability 4, and the amplifier out- 
put 2 (or the equivalent galvanometer deflection 6) which is a quantitative 
measure of the noise. We previously! derived the following expression for 
the average change in magnetic moment: 


2(10)" "yu 3/26 
AM = ————-- ——— (1) 
C*T.p*'*(dB/dH) (dH dt) 


where C is a constant of the apparatus, J, the saturation value of the mag- 
netization of the material under investigation, and p its resistivity. Since now 
we are dealing only with the ratio of the Barkhausen effects parallel and per- 
pendicular to the field, it is unnecessary to determine many of the quantities 
in Eq. (1). The ratio of the change in magnetic moment taking place at 
right angles to the direction of the applied (annular) field, to the change paral- 


1R. M. Bozorth and J. F. Dillinger, Phys. Rev. 35, 733-752 (1930). See also the short 
accounts of the present work in Phys. Rev. 38, 192-193 (1931); 39, 353-356 (1932). 
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lel to the applied (axial) field, (transverse change divided by longitudinal 
change), is then given by 


AMy — pr®*67(dB/dH) (dH /dt), (2) 


AM, - wx%,(dB/dH)7(dH /dl)r 


where the subscripts 7 and L refer to quantities measured in determining the 
transverse and longitudinal effects, respectively. In particular, the transverse 
reversible permeability ur is the ratio of the small change in induction parallel 
to the axis of the specimen, to the very small change in field strength applied 
in the same direction, when the specimen is magnetized principally annularly 
by the current flowing along the axis. 

The rates of decay of eddy-currents caused by the discontinuities in mag- 
netization measured, are affected by the geometry of the specimen in the 
same way for annular as for axial magnetization, since the search coils re- 
main in the same position with respect to the specimen for both kinds of 
measurements. The eddy-currents which affect the rate of change of mag- 
netization picked up by the search coils, are in all cases in a plane perpendicu- 
lar to the axis of the specimen. 

Measurements of uw, 6, dB/d/I and dll/dt, were made as previously de- 
scribed.' The annular B and dB/d// were measured using an additional (third) 
search coil each turn of which passed inside of the tubular specimen along its 
length and returned on the outside. Since the cross section of magnetic ma- 
terial thus enclosed is relatively large, only a few turns were necessary. The 
axial current producing the annular magnetization was varied smoothly by 
means of a liquid resistance, a solution of copper sulphate into which a set 
of copper plates was lowered. 

In a preliminary experiment the specimen was magnetized axially and 
the regular search coils (Fig. 1) connected to the amplifier as already described 
while at the same time the additional search coil wound as described above 
to detect the transverse change in magnetization due to an axial field, was con- 
nected to a second amplifier, the outputs of the two amplifiers being recorded 
simultaneously on the same moving photographic paper. It was thus ob- 
served that a single discontinuity in longitudinal magnetization was accom- 
panied by a discontinuity in transverse magnetization. The direction of the 
deflection of the string recording the longitudinal effect was always the same, 
while the deflections of the string recording the sudden transverse changes 
were about half in one direction and half in the other. This showed that the 
average change in magnetization perpendicular to the applied field is zero, 
but that for any single event there was in general a change in one direction 
or the other. After this preliminary experiment we confined our experiments 
to the longitudinal effect occurring with axial field, and to the transverse 
effect with annular field. 


RESULTS 


The materials investigated were annealed iron, hardworked iron, and an- 
nealed perminvar containing 30 percent Fe, 25 percent Co and 45 percent 
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Ni. No analyses of these specimens were made, but analyses of similar speci- 
mens indicate that the following impurities were present: in annealed iron, 
0.1 percent C and 0.5 percent Mn; in hard iron, no impurity more than 0.02 
percent; in annealed perminvar, 0.1 percent Si. The tubes were all 60 cm long. 
The outside diameters of the perminvar and hard iron tubes were 0.47 cm 
and the wall thicknesses 0.025 cm. For the annealed iron specimen the corre- 
sponding dimensions were 0.63 em and 0.056 cm. The annealed iron was 
heated in vacuum for 2 hours at 1100° C and cooled 400° C per hour. The 
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Fig. 2a. Values of 6 (output power of amplifier), dB/d// and uw for the magnetization curve 
of annealed iron, measured with transverse and longitudinal magnetizing fields. The amplifier 
output 6 is referred to a constant value of d/7/dt. 

Fig. 2b. Values of 6, dB/dH and u for the hysteresis loop of annealed iron, measured 
with transverse and longitudinal magnetizing fields. 


perminvar was annealed for 1 hour at 875° C and cooled at a maximum rate of 
about 100° C per hour. 

The values of dB/dI/, wu, and 6 for both longitudinal and transverse ef- 
fects, for the hysteresis loop and magnetization curve of annealed iron, are 
shown in Fig. 2. The two hysteresis loops for annular and axial magnetization 
were almost identical, differing only on the steep parts of the curves where 
the demagnetizing factor has the greatest influence. The galvanometer de- 
flections were observed for various values of d//J/dt and from them 6,7 and 
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5, were calculated for a constant value of d///dt, using the relation 6x d///dt. 
The relative magnitudes of the longitudinal and transverse effects for the 
magnetization curve as shown in Fig. 3 where the average change in moment 
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Fig. 3. Longitudinal and transverse changes in magnetic moment for the 
magnetization curve of annealed iron. 


for each is plotted on the same scale as a function of the applied field J/, 
and in Fig. + where the ratio of the effects is plotted as a function of the 
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Fig. 4. Ratio of the transverse to the longitudinal change 
in magnetic moment in annealed iron. 


induction B. Since //<<B except when B is very small, the latter is practically 
proportional to the magnetization. Fig. 4 shows that the change in magnetiza- 
tion of a domain is greater in the direction of the applied field than in direc- 
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tions at right angles until B is as large as 15,000. In relatively low fields, 
where the slope of the hysteresis loop is greatest, the direction of magnetiza- 
tion changes by very nearly 180°, and is antiparallel to the applied field before 
and parallel to it after the change. The modes of reversal of the domain will 
be discussed further below. 

The values of dB d//, uw, and 6 for the hysteresis loop of hard worked 
iron are shown in Fig. 5. The coercive force of this material was 1.1 gauss.” 
The ratio of the transverse to the longitudinal change in magnetization in 
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Fig. 5. Values of 6, dB/dI/ and u for the hysteresis loop of hard iron, measured with transverse 
and longitudinal magnetizing fields. 


the domains is shown in Fig. 6 as a function of B. For the same value of B, 
this ratio is a little larger than that for annealed iron. 

The data for perminvar are shown in Fig. 7. The hysteresis loop for a 
maximum field strength of 4 gauss is shown in Fig. 8 because of its peculiar 
characteristic shape. The ratio of the transverse to the longitudinal change 
for this hysteresis loop is shown as a function of B in Fig. 9. No measurements 
were made at higher fields. 

2 Although this material is hard worked, its coercive force is about that normally found 


for annealed iron. This specimen was given a special treatment in hydrogen (see P. P. Cioffi, 
Phys. Rev. 39, 363-367 (1932)) and if annealed would have a coercive force of about 0.1 gauss. 
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Fig. 6. Ratio of the transverse to the longitudinal change in magnetic 
moment in hard iron. 
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Fig. 7. Values of 5, dB/dH and u for the hysteresis loop of perminvar, measured with transverse 
and longitudinal magnetizing fields. 
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DISCUSSION 


One of the most obvious characteristics of the curves of Figs. 4 and 6 is 
that when the magnetization is small the longitudinal components of the 
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Fig. 9. Ratio of the transverse to the longitudinal change in magnetic 
moment in perminvar. 


discontinuous changes in magnetization are larger than the transverse com- 
ponents, but that when the magnetization is large the transverse component 
is the larger. Two kinds of change of magnetization which are consistent with 
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this result are illustrated in two dimensions in Fig. 10. Here a shows a re- 
versal of the magnetization-vector from the initial position (dotted line) to a 
final position making an angle 6=15° with the direction of the field. In this 
case AM,/AM,=0.27. If 8 is 75° as in (b), this ratio is 3.7. In (c) and (d) 
the vectors rotate by 90° instead of 180° as in (a) and (b), and for final posi- 
tions defined by @=15°, the values of A\/7/AMy, are 0.58 and 1.73 respec- 
tively. It is evident that the ratio becomes large without limit as @ approaches 
90° in (b) or 45° in (d). Since we should expect that the latter changes would 
occur at relatively high magnetizations, and changes of kind (a) at low mag- 
netizations, we have here a qualitative correspondence with the data as shown 
in Figs. + and 6. 

Consideration of Fig. 10 (d) also shows that as @ approaches 45° the trans- 
verse change, equal to sin 6+cos 0, approaches asymptotically the definite 
limit 2'?, taking the radius of the circle as unity. Since @ approaches 45° when 














at 
/ \ 
/ | Qa 
— | \ 
on | 
} Ss ™ ] aMr 
| 
\ / 
| 
9 | ' 
4M. 
QMr 
SML +—_ 








\ / aM. 


Fig. 10. Possible modes of reversal of magnetization in elementary domains, with the corre- 
sponding transverse and longitudinal components. 


the magnetization is high, we should expect that then also the transverse ef- 
fect should become constant. This constancy was observed as shown in Fig. 3. 

The two kinds of changes shown in Fig. 10 correspond to two views of the 
changes which take place in ferromagnetic materials. Both are based on Weiss’ 
idea that a ferromagnetic substance is composed of small domains, each of 
them initially magnetized to saturation along some direction of natural mag- 
netization. According to one view (Webster’s* and Heisenberg’s*) which is sug- 
gested by experiments on single crystals, the directions of natural magnetiza- 
tion in a domain are the six <100> directions of the crystal which contains 
the domain; an applied field may shift the magnetization from one of these 
directions to another making a smaller angle with its own. According to the 
other view (resembling R. Becker’s®) the directions of natural magnetization 

* W. L. Webster, Proc. Phys. Soc. London 42, 431-440 (1930). 

4 W. Heisenberg, Zeits. f. Physik 69, 287-297 (1931). 

5 R. Becker, Zeits. f. Physik 62, 253-269 (1930). 
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are controlled by the strains in the substance, and the only effect which an 
applied field can produce in a domain is a reversal of the magnetization. The 
changes shown in (a), (c), and (d) of Fig. 10 are compatible with the former 
view, (a) and (b) with the latter. 

The way in which these views fit in with our results is illustrated in Fig. 
11. If the directions of magnetization in the domains are controlled by the 
lattice of the crystal, discontinuous changes in a polycrystalline specimen can 
occur only until the directions of magnetization in the domains all make 
angles of 45° or less with the direction of the field. When this condition is at- 
tained the material is about 85 percent saturated, and the ratio A\/7/AM, is 
indefinitely large as indicated by the vertical line (a) in Fig. 11. If the control 
is by strain alone, the corresponding limit is designated by (b) which indicates 
that discontinuous processes cease when the directions of magnetization in the 
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Fig. 11. Ratios of the transverse to the longitudinal change in magnetic moment in (c) 
annealed iron and (d) hard iron and their relation to the theoretical limits (a) for 90° changes 
and (b) for 180° reversals 


domains make angles of 90° or less with the direction of the field, in which 
case the material as a whole is only half saturated. Curves (c) and (d) repre- 
sent the actual data for annealed and hard worked iron, respectively, for 
comparison. The curves suggest that in each material the magnetization is 
controlled in some of the domains by strain and in some by the lattice, the 
domains of the former class being increased in relative number by hard work- 
ing. By interpreting the data in this way, strain has some influence even in well 
annealed iron, and in hard worked iron there is still a considerable amount 
of crystallographic control. The interpretation of the difference between the 
experimental curves at the lowest values of B is not yet clear; the explanation 
of this difference may influence the conclusions already drawn. It is intended 
to make a more quantitative comparison between theory and experiment in a 
later paper. 
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The curve of Fig. 9, for perminvar, is different from those for iron in that 
AM,/AM, has relatively high values near B =0 as well zs when B is large. 
This is in accord with other peculiarities of perminvar which have been re- 
garded® as indicating that it is a mixture of two kinds of magnetic materials. 
Aithough the nature of the difference (if any) between these materials is yet 
undetermined, the data here reported are such as would be expected if about 
half of the material approached saturation before the other half began to 
change its magnetic state appreciably, and for each portion the ratio 
AM,/AM, went through the usual changes during the cycle. 

In summary, our data are in good agreement with the following concep- 
tions: Magnetic materials are divided into small domains each of which is 
magnetized to saturation. In annealed materials the direction of magnetiza- 
tion in each domain is one of the directions of easy magnetization in the 
crystal which contains the domain; these, in the special case of annealed iron, 
are the directions of the crystal axes. With an increase in the magnetization 
of the material as a whole, the magnetization in each domain changes from 
one of these directions to another making a smaller angle with the applied 
field. When the net magnetization is small, most of the changes are reversals 
in the domains in which the initial magnetization is almost anti-parallel to 
the applied field. When the net magnetization is large (one half to three 
quarters of the saturation value), other domains are affected in which the 
initial magnetization is inclined at smaller angles to the field and changes of 
90° occur. When saturation is almost attained a new phenomenon appears, 
the directions of magnetization in all of the domains cease to be controlled 
by the crystal lattice and approach parallelism to the applied field. This final 
approach to saturation is a continuous one and is not believed to be accom- 
panied by Barkhausen effect. 


6G. W. Elmen, J. Frank. Inst. 260, 317-338 (1928); 207, 583-617 (1929); U. Meyer, 
Phys. Zeits. 28, 919-920 (1927); H. Kiihlewein, Wiss. Ver6ff; Siemens-Konz. 10, No. 2, 72-88 
(1931), and Phys. Zeits. 31, 626-640 (1930). 
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The Variation with Temperature of the Thermoelectric Power 
of Nickel and Some Copper-Nickel Alloys 


By kK. E. Grew 
Sloane Physics Laboratory, Yale Unwersity 
(Received June 9, 1932) 

The thermoelectric power of pure nickel against platinum has been measured 
bet ween 0°C and 500°C; similar measurements have been made on two nickel-copper 
alloys containing respectively 94 and 79 percent nickel. A differential method was 
used in which the change in thermoelectric force \E corresponding to a small tempera- 
ture change \7 was observed. The results are discussed in relation to Stoner’s theory. 
Although the experimental results have the same general characteristics as those 
calculated, factors not considered in the simple theory are involved, even at tem- 
peratures at which the assumption that the magnetization is due to spin moments 
only is approximately valid. 


HAT the thermoelectric properties of a ferromagnetic are in some way 
related to the magnetization is apparent from the sudden change in the 
Thomson coefficient or the “specific heat of electricity” at the Curie point. 
The magnitude of this change in nickel has been deduced! from measure- 
ments of the thermoelectric power in the neighbourhood of the Curie point, 
and it is found to be approximately equal to that predicted on the quantized 
Weiss theory for a magnetic “carrier” for which j=}. This agreement in 
magnitude was at first regarded as implying that the carriers were free elec- 
trons, but the argument was invalidated when it was found that the specific 
heat of the electron increases on passing from the ferromagnetic to the 
paramagnetic state, whereas the “calorimetric” specific heat decreases. 
Stoner® has sought to explain this difference in sign, and on certain assump- 
tions he has deduced an expression for the temperature variation of the 
thermoelectric power and the specific heat of electricity in ferromagnetics. 
The results of Dorfman and jaanus! show considerable divergence from the 
theoretical values, but as they admit of a comparison over only a limited 
range of temperature it was thought desirable to extend the measurements. 


METHOD OF EXPERIMENT 


In measuring the temperature variation of the thermoelectric power it is 
desirable to use a direct method in which the change in thermoelectric force 
AE due to a small change in temperature AT is observed. 

The method first adopted for the measurement of the thermoelectric 
power of nickel against platinum and described in a preliminary note,*® was 
discarded, as it did not give consistent results at the higher temperatures; 
this was probably because it did not ensure that the nickel-platinum junc- 
tions were always at precisely the same temperature as the junctions of the 


1 J. Dorfman, R. Jaanus, and I. Kikoin, Zeits. f. Physik 54, 277 (1929). J. Dorfman, R. 
Jaanus, K. Grigorow and M. Czernichowski, Zeits. f. Physik 70, 796 (1931). 

2 E. C. Stoner, Proc. Leeds Phil. Soc. 2, 149 (1931); Phil. Mag. [7] 12, 737 (1931). 

3 K. E. Grew, Proc. Leeds Phil. Soc. 2, 217 (1931). 
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couple used to measure the temperature difference. An arrangement similar 
to that of Dorfman and Jaanus! was tried, but the mica sheets used as in- 
sulation were found to become conducting at the higher temperatures. 

In the method finally adopted, the nickel wire under investigation was 
fused to the junction of a previously calibrated platinum platinum-iridium 
couple, thus forming a second, nickel-platinum, couple. In series with each 
couple was a small resistance through which a current could be passed. The 
electromotive force of the couples with one junction at 0°C and the other at 
T°C could be almost completely counterbalanced by the potential difference 
across the resistances, so that the small residual potential difference could be 
measured on a sensitive potentiometer. The difference between this read- 
ing and a second, when the temperature had been raised to 7+A7, gave the in- 
crease in electromotive force AE corresponding to a change A7 at the mean 
temperature 7+ 3A7°. AT was calculated from the change in electromotive 
force of the platinum-iridium couple, and thus the thermoelectric power 
AE/AT of nickel was found. This method allowed the use of a more sensitive 
potentiometer than would have been possible had the whole of the thermo- 
electric force been applied to it. It was necessary, however, in order to find 
the temperature 7’, to measure the total electromotive force of the platinum- 
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Fig. 1. The thermocouple system. 


iridium couple; for this purpose the range of the potentiometer could be 
changed. 

The circuit is shown in Fig. 1. The three wires leading to the hot junction 
were insulated from each other by quartz tubes. These were contained in a 
Pyrex tube and inserted in the furnace, which consisted of a cylindrical copper 
block wound with a non-inductive heating coil enclosed in a vacuum vessel; 
the couples passed into a hole drilled along the axis of the block. The wires 
emerging from the furnace were soldered to copper wires and the junctions 
kept in melting ice in a vacuum vessel. 7, 72 are the small resistances of about 
1 ohm, through either of which a current from the battery E could be passed. 
The constancy of this current throughout a set of measurements could be 
checked by the standard cell and resistance; such small fluctuations as did 
occur were usually negligible. A key enabled (a) the platinum-iridium couple 
to be connected directly to the potentiometer for the measurement of the 
temperature 7 of the junction; (b) the same couple to be connected through 
the resistance r, for the measurement of the temperature difference AT which 
was usually 3 to 5 degrees; (c) the nickel-platinum couple to be connected 
through the resistance r2 for the measurement of AE; (d) the reversal of all 
these connections. 
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To eliminate parasitic electromotive forces, it was necessary that the 
whole circuit with the exception of the couples themselves should be of cop- 
per. The key was constructed such that all its metal parts were of copper with 
no soldered connections, and as a further precaution it was enclosed in a case 
to avoid local heating while being operated. The small resistances were also 
wound from copper wire and kept at constant temperature in an ice bath on 
account of the large temperature coefficient of resistance of copper. Care was 
also taken to eliminate leakage from the heating circuit to the couple system. 

The potentiometer consisted of a manganin coil wound on a marble cyl- 
inder, with a revolving contact and circular scale. By series resistances the 
range could be adjusted for measuring either the total electromotive force E 
or the small change AE. For the latter, 1 division on the scale corresponded to 
0.075 microvolt or toa deflection of the galvanometer of 2 mm. The potenti- 
ometer was calibrated by comparison with a Wolff potentiometer. Stray 
electromotive forces could not be prevented in this part of the circuit, but 
their effect was eliminated by reversing the current and the connections to the 
couples. 

The platinum platinum-iridium couple was calibrated between 0° and 
500°C, using standard thermometers up to 200°C and the boiling points of 
naphthalene, benzophenone, and sulphur for the higher temperatures. The 
whole range was divided into 3 overlapping sections and equations of the 
form 7 =AE+BE*+ CE were found for each. The temperatures calculated 
from the observed electromotive force by means of these equations should not 
be in error by more than 0.3°C. To calculate the change in temperature AT 
from the observed change in electromotive force AE it is necessary to know 
the temperature variation of dE/dT. This was found directly from the calibra- 
tion curve. 

In practice it is not possible to prevent small changes in the furnace 
temperature while readings are being taken. The effect of such changes, 
which were usually less than 0.1°C, was eliminated by taking readings at 
definite time intervals. 

The error in individual values of the thermoelectric power is estimated at 
0.7 percent. 

EXPERIMENTAL RESULTS 


Measurements were made of the thermoelectric power of nickel and of 
some alloys of nickel with copper over a range from 0°C to 500°C. The nickel 
was drawn from rod supplied by Messrs. Hilger and was 99.97 percent pure. 
The copper was from the same source and of the same purity. For the prepara- 
tion of the alloys and the subsequent drawing into wires I am indebted to the 
National Physical Laboratory, England. Melting was carried out in a crucible 
of china-clay and alumina, in a high frequency induction furnace using an 
atmosphere of hydrogen. The ingots were swaged into rods and finally drawn 
into wires of 0.4 mm diameter. Before measurements were made the wires 
were heated for some time at 800—900°C. 

An obvious extension of the method allowed observations to be made on 
two specimens at the same time. 
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TABLE I. Results for nickel and alloy A, (94 percent nickel). 


Temp. °C —AwniEp,/AT —As,Ep,/AT\| Temp.°C —AyiEp,;/AT —Ay,Ep,/AT 
55.0 15.00 24.78 318.0 11.38 13.65 
91.0 15.46 24.74 | 329.5 . 13.38 
116.2 15.97 24.76 || 331.5 10. 36 13.45 
139.4 16. 24 24.52 347.1 8.77 13.36 
161.3 16.44 24.12 353.4 8.02 13.40 
186.1 16.16 23.11 359.2 7.05 13.40 
198.5 16.11 22.60 362.9 6.94 

220.8 15.72 21.65 377.4 6.67 
242.6 15.17 19, 96 392.4 6.42 13.86 
257.4 14.82 18.80 398.5 6.51 14.00 
264.1 14.33 17.80 407.6 6.44 14.02 
281.5 13.44 16.03 425.1 6.59 14.03 
290.5 14.66 441.4 6.84 14.39 
296.0 12.77 13.86 464.0 7.23 14.70 

4 12.23 4 7.47 15.00 


300. 13.91 482. 








TABLE II. Results for alloy Az (79 percent nickel). 


Temp. °C 














—AsoEp,/AT Temp. °C —AsoEp,/AT 
41.6 29.30 179.9 24.45 
69.43 28.38 194.7 24.77 
86.7 27.87 210.7 24.96 
100.4 27.24 240.8 25.58 
115.2 26.51 258.0 26.10 
124.2 25.60 262.8 26.27 
128.9 25.24 266.6 26.28 
145.7 24.18 279.0 26.66 
158.5 24.10 304.2 . 27.04 
171.4 24.36 
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Fig. 2. The temperature variation of the thermoelectric power of nickel with 
respect to platinum. 
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The results for pure nickel and an alloy (A;) containing 94 percent nickel 
are given in Table I and for a 79 percent alloy (A2) in Table II, while they are 
represented graphically in Figs. 2, 3 and 4. The thermoelectric power is in 
microvolts per degree. 
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Fig. 3. The temperature variation of the thermoelectric power of a nickel copper a!loy (94 per- 
cent nickel) with respect to platinum. 

It will be seen that, in the case of pure nickel, the slope of the thermo- 
electric power curve changes abruptly at 360°C; thereafter it decreases con- 
tinuously, finally assuming a constant negative value above 430°C. These 
changes were confirmed by the observations of the total electromotive force 
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Fig. 4. The temperature variation of the thermoelectric power of a nickel copper alloy (79 per- 
cent nickel) with respect to platinum. 


made concurrently, and which were in excellent agreement with those of 
Jordan and Swanger.‘ 

The nature of the curves for the alloys is not essentially different, though 
the change of slope occurs at a different temperature. 


4 L. Jordan and W. H. Swanger, U. S. Bureau of Stds. Jour. of Res. 5, 1304 (1930). 
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Over the limited range of temperature in which comparison is possible, 
the present results for pure nickel are some 4 percent greater (numerically) 
than those of Dorfman and Jaanus. The difference is not surprising, consider- 
ing the effect of impurities and previous treatment on thermoelectric proper- 
ties. 

DIscUSSION 


In the papers to which reference has already been made, Stoner? has shown 
that the behavior of a ferromagnetic may be largely explained by attribut- 
ing ferromagnetism to interchange interaction electrons having a spin mo- 
ment j=}, though at temperatures approaching the Curie point it appears 
necessary to regard the orbital moment as being partially effective. 

According to Fowler, the specific heat of electricity per electron may be 
defined as the increase in specific heat of the metal due to the addition of one 
electron. Stoner has given reasons for supposing the magnetically effective 
spin moments to be those of “missing” electrons, and that the addition of a 
free electron will neutralise one of these spins. If the contribution of each 


spin moment to the “magnetic” specific heat is s, and the specific heat of 


electricity per electron due to the magnetization is ¢., then o,= —s. For the 
gram electron, the specific heat 
Cr = Lo, =-—-/Js=-— Sw q 


where L = Avogadro’s number; Sy =specific heat per gram-atom due to the 
magnetization; g=number of effective spin moments per atom. The thermo- 
electric power referred to the same units is given by 


. T 
ref Sta(2) 
re 1/0 6 


where @ is the Curie point, and Pz, is the thermoelectric power of the ferro- 
magnetic with respect to another substance without intrinsic magnetization 
but otherwise identical. It is zero at the Curie point, and becomes increasingly 
negative as the temperature decreases. Both Cy and P x are independent of gq. 

These expressions refer only to the idealized ferromagnetic, in which spin 
moment alone is effective. 

For comparison with the theoretical values, a quantity P.,, can be cal- 
culated from the experimental results, such that 

Powos = (NiPri)T — (NiP’Pt)T 

where P’ is the thermoelectric power at temperature 7 extrapolated from 
observations above the Curie point. P,;,, should be comparable with Pz 
provided that the variation of the thermoelectric power can be regarded as 
the sum of the variation due to changing magnetization and a “normal” 
variation. Alternatively, the quantity C,,,, can be calculated from the slope 
of the thermoelectric power curves and compared with the observed and 
calculated values of the specific heat S. 

Values of Px (taken from Stoner’s paper) and of P.», are plotted in Fig. 5 
as functions of 7/6. The changing direction of the thermoelectric power 
curves above the Curie point makes the extrapolation involved in determin- 
ing P.», uncertain. The extrapolation has been made from that part of the 
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curve where the thermoelectric power is decreasing (algebraically) approx- 
imately uniformly with the temperature, this being the most favorable from 
the point of view of obtaining agreement between the theoretical and ex- 
perimental values. The curve for iron is obtained from the measurements of 
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Fig. 5. Observed and calculated thermoelectric power curves. 1. Pg; 2. P..,. for nickel; 3. for 
alloy A»; 4. for iron. 


Burgess and Scott.° Values of P.),, for the alloy A; coincide nearly with those 
for pure nickel, and the curve is not shown in the figure. 

In all cases, the value of P,,,. is less (numerically) than the calculated 
value Pr, the divergence increasing at the lower temperatures. The ratio 
Povs/ Pr has the values found in Table III. For iron, P.),. actually becomes 


TaABie IIT. 

T/0 0.9 0.8 
Pure nickel 0.62 0.48 
Alloy A, 0.60 0.48 
Alloy A: 0.39 0.31 
Pure iron 0.30 0.22 


positive below 7'/@6=0.5, but the small number of observations and the 
probability of an effect due to the phase change near the Curie point make the 
justification for the extrapolation more doubtful than in the other cases. 

In the case of pure nickel, it is of interest to compare the specific heat of 
electricity C,,, with the “magnetic” specific heat S given by Mme. Lapp.*® 
Fig. 6 shows the variation with temperature of the observed specific heat S 
corrected for quantum variation, dilatation, etc.; of S,, which Mme. Lapp 
calculates from the variation of the magnetization do? /d7T and the molecular 
field constant applicable above the Curie point; and of —C,,, derived from 


° G. K. Burgess and H. Scott, U. S. Bureau of Stds. Bull. 14, 15 (1917). 
6 Mme. Lapp, Ann. de Physique [10] 12, 442 (1929). 
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the thermoelectric power curves. The existence of the abnormally high 
specific heat above the Curie point makes impossible any definite conclusion 
as to the relation between C,,,, and S to be expected from Stoner’s considera- 
tions. But at temperatures not too near the Curie point, where the mag- 
netization may be attributed to spin moment alone, it would be expected 
that C.,, would be numerically greater than S or 5S), since the number of 
effective spin moments per atom is less than unity. This is not so, C,,, being 
less than either S or S; at temperatures below 7'/6=0.9. Thus there is no 
apparent quantitative relationship between the specific heat of electricity and 
the “magnetic” specific heat whether one considers the values of the specific 
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Fig. 6. Specific heat of electricity in nickel. S and S, after Mme. Lapp;—C,,, from thermo- 
electric power curves. 
heat calculated for the idealized ferromagnetic or those experimentally 
determined for an actual ferromagnetic. 

It appears that, although the experimental results for the temperature 
variation of the thermoelectric power have the same general characteristics 
as those calculated, factors not considered in the simple theory are involved, 
even at temperatures at which the assumption that the magnetization is due 
to spin moments only is, at least approximately, valid. 

It is hoped that an investigation of other properties of the copper-nickel 
alloys dependent on magnetization will assist in explaining further the varia- 
tion of the thermoelectric power in ferromagnetics. 

This investigation was begun at the University of Leeds, England; a 
Commonwealth Fund Fellowship permitted of its continuation at Yale 
University. My thanks are due to Dr. E. C. Stoner and to Professor L. W. 
McKeehan for their interest and kindly criticism. I have also to acknowledge 
with thanks a grant from the Royal Society. 
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Diamond Windows for Withstanding Very High Pressures 


By Tuos. C. PouLTER AND FRANCIS BUCKLEY 
Department of Physics, Iowa Wesleyan College 


(Received June 10, 1932) 


Diamond windows have been tested out and found to withstand much greater 
pressures than glass or fused quartz windows (up to 21,500 atmospheres), particularly 
when water and alcohol solutions are used to transmit the pressure to the windows. 


PROCEDURE AND RESULTS 


O HIGH pressure window up to the present time has been successfully 

constructed to withstand a pressure of more than 30,000 atmospheres, 
and then, only when the transmitting medium is a light parattin oil or some 
similar material. If a material such as alcohol, water or ether is used to trans- 
mit the pressure the windows are usually fractured between 4000 and 8000 
atmospheres. 

This difficulty has in some cases been overcome by placing the above 
named liquids in a small collapsible or telescoping cell which is fitted at each 
end with a glass window through which one may make his observations.! 
The pressure is then transmitted to the cell by paraffin oil. Thus, the liquids 
which break the windows easily do not come in contact with those windows 
which support the pressure. By this method alcohol, ether, or water, and 
solutions in which these liquids are used as solvents can be observed up to 
30,000 atmospheres. 

The method of using a small cell inside the pressure cylinder is not com- 
pletely satisfactory because some of the liquid in the cell may escape and 
come in contact with the pressure windows thus causing them to break. 
Another disadvantage in using such a cell is the fact that after the pressure 
has been built up to 10,000 atmospheres, or higher, and is then released, the 
inner surface of the cell windows are frequently fractured while in most 
cases the side of the window in contact with the oil is not injured. In some 
experiments carried out in this laboratory it was shown that diamonds showed 
no tendency to fracture when subjected to such conditions. This led us to 
believe that diamond windows should be very effective as pressure windows 
even though the medium used to transmit the pressure be one of those that 
readily breaks glass or fused quartz. 

The diamond used in this investigation was 3 mm thick and 3.5 mm in 
diameter. It was mounted on a hard steel support polished to a mirror surface 
over a hole 1.5 mm in diameter and held in place in the usual manner by a 
small amount of liquid balsam. 


1 Thos. C. Poulter, Phys. Rev. 40, 860 (1932); Thos. C. Poulter and Robert O. Wilson, 
Phys. Rev. 40, 877 (1932); Thos. C. Poulter and Carl A. Benz, Phys. Rev. 40, 872 (1932). 
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The diamond window was then surrounded by water and subjected to a 
pressure of 21,500 atmospheres. When the window was removed from the 
cylinder it was not damaged in any way. Since 21,500 atmospheres pressure 
is more than that necessary for the formation of ice V!, the diamond window 
was surrounded by a 50 percent solution of ethyl alcohol. A pressure of 
21,500 atmospheres was applied. At this pressure the cylinder which con- 
tained the diamond window ruptured, thus releasing the pressure instanta- 
neously but without damage to the diamond window. 

Another cylinder was used in an attempt to test the diamond window to 
still higher pressures but this cylinder ruptured at about the same pressure. 
The diamond window used in these tests has been under pressure more than 
twenty times and in three cases the pressure has been released suddenly by 
the splitting of the cylinders. Since these windows show no ill effects from 
the tests which we have made thus far, it is the belief of the authors that such 
windows will prove very valuable in the field of optical studies at high pres- 
sures. 








AUGUST 1, 1932 PHYSICAL REVIEW VOLUME 41 


The Effect of Pressure on the Index of Refraction of Paraffin Oil 
and Glycerine 


By Tuos. C. PouLTER, CARTER RITCHEY AND CARL A. BENZ 
Physics Department, Iowa Wesleyan College 


(Received June 10, 1932) 


A refractometer for measuring the index of refraction of liquids under very high 
pressure is described. The values obtained for glycerine and a paraffin oil together 
with the constants for the Lorenz-Lorentz relation are tabulated. 


PROCEDURE AND RESULTS 


HERE have been relatively few studies made on the change of the re- 
fractive index with pressure and those at pressures seldom, if ever, 
greater than 200 atmospheres. 

By making use of a liquid prism which could be subjected to high pres- 
sure, the authors have constructed a refractometer for studying the effect of 
very great pressure upon the index of refraction of different materials. 

The windows are mounted directly in contact with the hard steel disk 
R in the figure and in such a position that the liquid in the apparatus forms 
a 30° prism. 








In measuring the index of refraction for different materials a much smaller 
opening is made in the window support than had been used in the ordinary 
type of pressure cylinder. This serves as a slit system to run the light through 
parallel to the base of the prism. 

This window support is held firmly against the shoulder of the pressure 
cylinder by the steel plug / which screws down tightly against it. On the 
outer end of this plug is a safety window J, held in place by another steel 
plug. Because of the large shift in the light beam this safety window must be 
larger than the triple safety window usually used so that the light beam can 
be easily followed. 
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Since the position of the prism L formed by the liquid in the pressure 
cylinder would bend the light up, it is necessary to place two small correction 
prisms K in the cylinder to direct the beam of light from the light source O, 
through the liquid prism LZ and out onto the screen P. These two correction 
prisms are mounted in brass tubes which enable one to adjust their positions 
readily. 

The space between the pressure windows and the small correction prisms 
is filled with a liquid of nearly the same index of refraction as the glass, so 
as to correct for the lens effect of the pressure windows.' Knowing the angle 
of the prism L, the pressure that is developed, and by measuring the angle 
of minimum deviation, it is possible to study the effect of pressure on the 
index of refraction of different liquids. 

The liquids used were a paraffin oil, merasol, a product of the Standard 
Oil Company and glycerine. This oil is used for transmitting pressures in 
various other experiments and for this reason it was desirable that we know 
the effect of pressure upon its index of refraction. 

The expression m=(sin 3(R+D))/(sin 3R) gives the index of refraction 
n when the prism angle R and the angle of minimum deviation D of a trans- 
mitted beam is known. By measuring the change in deviation of the trans- 
mitted yellow light, the change in » was determined with each increase of 
pressure. The densities for the oil were measured by the piston travel in a 
cylinder designed for such measurements, while that for the glycerine was 
taken from data obtained by P. W. Bridgman.” 

Tables I and II give the values for the refractive index m and density e 
at the pressures designated, together with the constant K for the Lorenz- 
Lorentz relation: 























n?—1 1 
ome 
n?+2d 
TABLE |. Refractive index and TABLE II. Refractive index and 
density of paraffin oil. density of glycerine. 
pressure density pressure density 
(atm.) (gm/cc) P., K (atm.) (gm/cc) n K 
5 0.8706 1.4749 0.324 .. 0.987 1.4722 0. 282 
2697. 0.954 1.5340 0.325 1803. 1.025 1.4858 0.279 
5394, 1.006 1.5659 0.324 3703. 1.054 1.4962 0.278 
8091. 1.031 1.5895 0.326 4510. 1.078 1.5103 0.279 
10789. 1.052 1.6008 0.324 7212. 1.100 1.5210 0.279 
13585. 1.069 1.6039 0.324 eemiaatiiites , : 




















From these values of K it can be seen that the value for the Lorenz- 
Lorentz relation is constant within the limits of experimental error up as far 
as measurements were made. 

The authors wish to express their appreciation for the assistance in the 
form of a grant from the National Research Council. 


1 Thos. C. Poulter and Carl A. Benz, Phys. Rev. 40, 872 (1932). 
2 P. W. Bridgman, Proc. Amer. Acad. Arts and Sci. 67, 1-27 (1932). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 


does not hold itself responsible for the opinions expressed by the correspondents. 


Probable Values of e, h, em and a. 
A Reply to R. T. Birge 


The Physical Review of April 15th contains 
a paper! (and a letter) by R. T. 
“Probable Values of e, /,e/m and a.” Through- 
out the paper Birge uses a method of esti- 
mating e and kh (the electronic charge and 
Planck's constant) which I suggested and 
used.? Whilst adopting my method, Birge dis- 
agrees with various details of my work, and I 
wish to reply briefly to his criticisms. 


Birge on 


(1) Any one of the usual methods of esti- 
mating / involves the experimental determi- 
nation of a quantity 4,, 
equation of the form h=A,e". I assumed an 
arbitrary value for e, plotted the values of 
A,e" against n, and fitted a linear graph to the 


which occurs in an 


observations. From this graph estimates of e 
and h were deduced, which do not depend on 
any direct determination of e (such as Mil- 
likan’s). 

The probable errors may be estimated 
from the residuals with the help of the equa- 


tion 
Ss" ( vv) \ 2 
r=0.6745 (= = 
s—q 


where r is the probable error of an observation 
of unit weight. I assumed, in effect, that s is 
the number of observations (36) and gq the 
number of variables (2). Birge, however, 
(reference 1, p. 237), uses collectively all the 
observations of A, for each particular value 
of n, obtaining three unequally weighted 
“points” (at »=1, 1}, and 12). Then s=3, 
q=2, and his estimates of the errors are about 
twice my estimates (though there is no dis- 
agreement as tothe line itself). Birge’s 
explicit criticism of my method is: “That his 
procedure cannot be correct is immediately 
evident from the fact that if all observed h, 
values correspond to the same value of 


(giving only one point), no solution at all 
would be possible.” 

Let us suppose that the only data were 12 
estimates of A, in the equation h=Aje. 
Then “no solution at all would be possible” 
as regards estimating e and hk (and their 
errors); my method gives no solution. But 
Birge’s statement needs qualifying; the slope 
of the line is indeterminate but its intercept 
on the line »=1 is determinate, giving an 
estimate of /}/e. My method yields a reason- 
able estimate of the probable error of this 
value of h/e, but Birge’s method gives the 
error in the indeterminate form 0/0(1—2)!2. 
This is an absurd estimate of the probable 
error of the mean of 12 experimental deter- 
minations of what we designate (//e), and I 
think this is sufficient to show that Birge’s 
method of estimating the probable errors is 
incorrect. 

(Il) In the letter in the same number of 
the Physical Review, Birge explains that he 
had overlooked my statement that “By as- 
suming a value of /, and plotting all the de- 
duced value€ of e against 1/n, the direct 
estimates of e could also be plotted at 1/n =0. 
The increase in accuracy would, however, be 
negligible.” This accounts for Birge referring 
in his paper to this method as “the essential 
extension of Bond's method.” It also explains 
his statement that I had not carried my 
method to its logical conclusion. I deliberately 
did not use this second method at the start, 
for the same reason as Birge (reference 1, p. 


1 Birge, Phys. Rev. 40, 228-261 and 319- 
320 (1932). 

2 Bond, Phil. Mag. 10, 994 (1930) and 
12, 632 (1931). See also Proc. Phys. Soc. 
of London 44, 374-382 (1932). 
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232), viz., I wished to show that an accurate 
estimate of e could be made, which was in- 
dependent of any direct estimate, but which 
confirmed Millikan’s value. 

(II1) Birge’s chief disagreement with my 
work is in his adopting as the value for e/m 
(1.761+0.001) or (1.759 +0.001) X 107 e.m.u., 
and consequently disagreeing with both 
Eddington’s theoretical numbers 137 and 
1847.6. This estimate of e/m is the only ex- 
perimental evidence against either of Ed- 
dington’s theories. I would point out that, 
though e/m has now been measured for 35 
years, it is only during the last three years 
that any appreciable number of physicists 
have accepted the value Birge advocates. 
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Moreover, I understand from Sir Arthur Ed- 
dington that the discovery of the neutron 
makes it seem likely that the equations used 
in deducing the spectroscopic estimates of 
e/m are in error. 

(IV) In section 4 of Birge’s letter he speaks 
of the probable error of an estimate of e that 
I had given as being much larger than the 
error he estimates. I believe Birge’s estimate 
must be wrong, as it would make his estimate 
of e ten times more accurate than the data 
from which it is obtained. 

W. N. Bonp 

Department of Physics, 

University of Reading, England. 
May 11, 1932. 


The Relation of Relative Humidity to the Absorption of Supersonic 
Waves in Various Mixtures of CO. 


A sputtered quartz crystal with a fre- 
quency of 4.096 X 10° vps was used as source 
for supersonic waves. The absorption of these 
waves by a column pf air mixed with different 
percentages of CO. was measured with an 
acoustic radiometer of the torsion vane type. 
A constant relative humidity of 10 percent 
for one set of runs was maintained with P.Os, 
15 percent relative humidity for another set 
was obtained using LiCl and 35 percent for 
the remaining runs obtained using 
CrOs asa dryer. 

Curves plotting log of deflection (log D,) 
against height (x) of radiometer from crystal 
face were plotted from the data and values for 
the absorption constant (&) were obtained by 


was 


taking the slope of the straight lines thus 
plotted. 

The following values of k were taken from 
these curves: 


10% R.H. 15% R.H. 35% R.H. 


5% CO2z 0.053 0.09 0.11 
50% COz 0.51 0.64 0.69 
95% COz 0.97 1.19 1.29 


These values indicate that relative humidity 
has a very marked and important effect 
upon the absorption in CO, or in air contain- 
ing large percentages of CO». 
Henry IH. RoGers 
Pennsylvania State College, 
May 26, 1932. 


Constants of the N.O Molecule 


In a recent paper on NO! the vibration 
frequencies as indicated by infrared absorp- 
bands were correlated, and the an- 
harmonic coefficients determined, employing 


tion 


should have been written in the more general 
form 
Wr = Vin + Vere+ Vrs tan Vie+xe: V? 
try Lites Ve +e Vi Vets Vi Vs 








an equation developed by Dennison for linear +x5V3V3+A 
triatomic molecules. It now appears that this 
relation is too limited in its application, and 1 Barker, Phys. Rev. 38, 1827 (1931). 
TABLE I. 
y anharmonic coef. v 
observed transition symbol value vy? computed 
1285.4 (O-1)%4 Xin —3.3 1288.7 1285.4 
2564.2 (0-2) Vi 2564.2 
589.0 (0)—+1,) Vs X22 —2.2 588.3 589.1 
579.5 (11-20) V2 XLL +3.0 578.7 
590.5 (1:22) V2 590.7 
1167.3 (Op 2») V2 1167.8 
2224.1 (0-1) V; X33 —13.8 2237.9 2224.1 
4420.7 (0-2) V; 4420.6 


Nee en e————EeE 
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e pressing in first approximation the de- 
pendence of the vibration terms upon the 
Various quantum numbers, A being a com- 
mon constant. As a consequence it is neces- 
sary to revise the values of v° and of certain of 
the coefficients, the results being more con- 
sistent than before. Table | supercedes parts 
of Tables IV and V in our report. The values 
of xj; and x23 remain unchanged. 
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Those of x;2 are somewhat modified, but as 
before fail to agree well among themselves. 

The original report also contained a regret- 
table error in the value of the moment of 
inertia of the N:O molecule, which should 
have been given as 66.0 X10~*°. 

E. F. BARKER 
University of Michigan, 
June 30, 1932. 


Raman Effect of Methyl Acetylene 


The Raman spectrum of methyl acetylene 
(CHC: CH) has been studied and ten lines 
have been found as shown in Table I. A mer- 
cury light source was employed in the usual 
way and was used both unfiltered and with 
A=4358A reduced by 2 mm of a solution of 
iodine in carbon tetrachloride. The photo- 
graphs were taken on a Steinheil spectro- 
graph. The expected Raman frequencies of 
the monosubstituted acetylene C:C-bond 
(2128 em) and the ¢ C-H bond (3306 cm~) 
were found and are in agreement with the 
values of Bourguel and Daure.' Furthermore, 
lines for the aliphatic C-H bond (2928 em) 
and the C-C bond (618, 931 cm) were 
found for this molecule. Some lines in Table I 
are not yet identified, although they also 
appear in other hydrocarbon molecules.! The 
ten lines mentioned are quite definite, but 
others are possible and it is expected to extend 
the work by using monochromatic excitation. 


TABLE I. Raman lines in methyl acetylene. 


Frequency Intensity Frequency Intensity 


cm7! cm"! 
310 weak 2871 medium 
618 weak 2928 strong 
931 medium 3144 medium 
1384 weak 3207 weak 
strong 3306 


2128 weak 





The methyl acetylene was made available 
through the kindness of Dr. G. B. Heisig of 
this laboratory. ° 

GEO. GLOCKLER 
H. M. Davis 
University of Minnesota, 
Minneapolis, Minn., 
July 1, 1932. 


1 Bourguel and Daure, Comptes Rendus 
190, 1298 (1930); and Bull. Soc. Chim. 47/48, 
1365 (1930). 


Structure of Atomic Nuclei 


For some time, there has been speculation 
as to whether or not the atomic nucleus can 
be regarded as consisting of shells of protons, 
just as the external structure is known to con- 
sist of shells of electrons. The writer has re- 
cently pointed out! that the experimental 
evidence seems to demand a modification of 
this view, in that s, p, d (etc.) shells do exist, 
but that a closed shell of azimuthal quantum 
number / consists of 2/+1 protons and 2/+1 
neutrons. It was shown that the facts are well 
represented for elements of mass number (./) 
less than 36. It is of interest to inquire if this 
scheme is capable of extension to elements of 
higher mass number. 

Detailed questions of stability must be left 
until later, but a qualitative analogy proves 
to be of help. In the outer atom, the normal 
state with one electron missing from a closed 
shell is of the same symmetry character as the 
normal state with just one electron in the 
closed shell. In the p shell, for instance, the 


ground states are *P, *P, ‘S, *P, and *P. There 
is symmetry about the middle element, which 
corresponds to a half-completed shell. If we 
make the hypothesis that such a symmetry 
exists for nuclei, then it is to be expected that 
this symmetry will be of a two-dimensional 
character, when the number of neutrons is 
plotted against the number of protons (or 
better, when the excess of neutrons over pro- 
tons is plotted against the number of protons). 
For the s shell, H® is missing, and one cannot 
say very much about the symmetry. For the 
p and d shells, symmetries of an elementary 
type exist. The f shell, corresponding to the 
mass range 37 to 64, shows some symmetry, 
but so many points are missing that it is 
difficult to decide on the location of the center 
of symmetry. Either M=50 or M=52 will 
serve the purpose, the excess of neutrons over 
protons being four. The g shell corresponds 


1 J. H. Bartlett Jr., Nature (in press). 




















LETTERS TO THE EDITOR 


to a mass range 65 to 100 and should be sym- 
metrical about the point of mass 82. Similarly, 
the A shell should be symmetrical about the 
point M=122. Barton® has called attention 
to the fact that two “clusters” of nuclei hav- 
ing two-dimensional symmetry do exist, the 
centers of symmetry being at M=84 and at 
M=124, respectively. An examination of 
the diagram leads one to conclude that the 
points 82 and 122 would serve equally well. 
In the first case, the center of symmetry is for 
protonic number 36. 

The above evidence seems to indicate quite 
clearly that, for 1 < 144, the picture of closed 
shells of protons and neutrons is in agreement 
with the facts. (It may be similar for heavier 
elements, but the information is as yet quite 
insufficient). Furthermore, it seems that Rus- 
sell-Saunders coupling holds, and that nuclei 
occupying positions symmetrical about the 
half-completed shells will have the same re- 
sultant orbital angular momentum, but not 
necessarily the same total angular mo- 
mentum. 

Evidently, the reason why the principal 
quantum number does not play an important 


2H. A. Barton, Phys. Rev. 35, 408 (1930). 
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part, if any, is that the central field is a non- 
Coulomb one, as in molecules. No restriction 
is placed on the value of the azimuthal quan- 
tum number, which may increase until 
centrifugal force causes disruption. For the 
same principal quantum number, one would 
expect the binding energy of the protons and 
electrons to be approximately constant with 
increasing mass. The evidence indicates this 
to be so.* 

The occurrence of s, p, d (etc.) symmetry is 
to be expected if the equations describing the 
system are invariant under a rotation of 
axes, which is so when there is no preferred 
direction. 

While the above model probably gives 
many of the essential symmetry features, 
there remains the problem of setting up the 
equations of motion in order to determine the 
energy levels. This may require more know!- 
edge about the law of interaction between a 
proton and a neutron. 


James H. BartLett, JR. 
Ziirich, 
July 3, 1932. 


3 L. Strum, Zeits. f. Physik 50, 555 (1928). 


The Becquerel Effect as a Special Case of the Barrier-layer Photoelectric Cell 


The observation of E. Becquerel,' that 
illumination of one of two identical electrodes 
immersed in an electrolyte develops an elec- 
tromotive force, marked the inception of a 
continuous series of investigations on this 
and related phenomena. The paucity of gen- 
eral conclusions available from these re- 
searches however,? furnishes a marked con- 
trast to the rigor and elegance which have at- 
tended the development of the “Hallwachs” 
effect. And it is thus fortunate that a new 
avenue of approach to the solution of this 
problem has been opened by the advent of the 
barrier-layer cell of Lange’ and Schottky,‘ 
whose formal similarities to the Becquerel 
cell (e.g., the circumstance that neither re- 
quires an auxilliary e.m.f. in order to oper- 
ate, and a characteristic reversal of polarity 
with increase of wave-length’) almost im- 


1E. Becquerel, Comptes Rendus 9, 144, 
561 (1893). 

2A. L. Hughes and L. 
“Photoelectric Phenomena” 
Co., New York, 1932. pp. 5-6. 

3 B. Lange, Phys. Zeits. 31, 139, 964 (1930). 

*W. Schottky, Phys. Zeits. 31, 913 (1930). 


A. DuBridge, 
McGraw-Hill 


mediately suggested their essential identity.*:7 
It is the object of this note to adduce some 
quantitative evidence in support of this 
view, which we have accumulated in an ex- 
tended investigation of the subject. 

The careful studies of Schottky and his co- 
workers* have established several funda- 
mental relationships governing the behavior 
of the barrier-layer cell. Among others, it was 
demonstrated that: 

a. the short-circuit current is 
proportional to the light intensity, 

b. the short-circuit current, and not the 
open-cuircuit e.m.f., is fundamental, and 

c. the direction of electron-flow in the cell is 
determined by the location of the barrier- 
layer (“Hinterwandeffekt or Vorderwandef- 
fekt”). 


5 A. Garrison, J. Phys. Chem. 27, 601 (1923). 

® FE. Duhme, Zeits. f. Elektrochemie 37, 
682-4 (1931). 

7H. Simon and R. Suhrman, “Lichtelek- 
trische Zellen und ihre Anwendung” Julius 
Springer, Berlin 1932, pp. 54-55. 

8 QO. v. Auwers and H. Kerschbaum, Ann. 
d. Physik 7, 129 (1930). 


strictly 





In our experiments —of which a more com- 
plete account will be published in the near 
future uniform and = adherent layers’ of 
cuprous oxide were formed on copper plates 
of approximately 40 sq. inches area by heating 
to about 1000°C in an electric furnace and 
quenching rapidly. The reverse sides of the 
electrodes were covered with black lacquer, 
followed by an insulating and water-proof 
coat of parattine. Cell elements of these 
dimensions enable one to draw heavy photo- 
electric currents for low levels of illumina- 
tion, and hence to minimize polarization 
phenomena. In this case unfiltered radiation 
from a small tungsten-filament lamp at a 
distance of five feet produced photocurrents 
of the order of one-half milliampere. 

For constant light intensity, additions of 
increasing amounts of electrolyte increased 
the photocurrent in accord with the expres- 
sion: 


1 = lo Ry (Rr ~ Ro) 


where 7) is the maximum current for a given 
light intensity, Ry the resistance of electrolyte 
plus resistance of meter and leads, and Ry the 
resistance of Cu-CurO electrode system (as- 
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sumed approximately constant for a given 
light intensity). 

The results are exhibited in curves I, II 
(NaCl), and IIT (KCI) of Fig. 1. Since these 
are not superimposed it might be inferred that 
the electrolyte resistance is not the sole 
determining factor. It will be observed how- 
ever that straight line functions were always 
obtained, although the slope and intercept 
varied continuously. That this must be occa- 
sioned by some secular change in the sensitive 
surface was demonstrated by repeating the 
measurements with a mixture of the two elec- 
trolytes (curve IV) a procedure which permits 
one to avoid the disturbing effect of progres- 
sive changes in the electrodes. 

The equation predicting our results is iden- 
tical with that of Auwers and Kerschbaum®’ 
for the network equivalent to a barrier-layer 
cell, save for a second term inserted by them 
to correct for the non-ohmic character of the 
internal resistance. The simplified expression, 
however, satisfactorily accomodates our re- 
sults, and indeed, precisely accounts for the 
photocurrent in the barrier-layer cell as a 
function of external resistance, provided the 
resistance range is of the order encountered in 
the electrolytic cells. 

It follows therefore that the primary func- 
tion of the electrolyte is to act as conductor for 
the photoelectric current. That secondary 
chemical effects may arise is not only possible 
but practically inevitable. For this reason it is 
imperative to secure instantaneous values for 
the short-circuit current. Whenever such com- 
plications could be avoided the short-circuit 
current was found to be proportional to the 
light intensity. Furthermore the temperature 
coeflicient for the Becquerel effect is accu- 
rately reproduced by combining the known 
thermal contributions to the barrier-layer 
current and the electrolyte conductivity. 

If, as seems the case, the Becquerel effect 
arises from a Lange cell whose behavior is 
frequently obscured by a host of electro- 
chemical, and possibly photochemical, com- 
plications, it seems wisest to direct more at- 
tention to the simpler phenomenon—which 
promises so much of practical and theoretical 
interest. 


R. H. M@LLER 
A. SPECTOR | 
Washington Square College, 
New York University, 
July 5, 1932. 
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A Note on the Hyperfine Structure of Beryllium Lines 


The identification of the neutron by Chad- 
wick! has developed a keen interest in the 
value of the nuclear moment of beryllium. 
For this reason the beryllium lines given in 
Table I have been examined for structure with 
the aid of a Fabry-Perot interferometer. The 
interferometer plates were spaced 2, 3, 5, 8 
and 10 mm apart. The spectrum was excited 
in a metal liquid air-cooled Schiiler lamp so 
that the Doppler effect should be small. 

The only line showing a definite structure 
was the Be II line \4673A. 3 *D—4 ?F transi- 
tion. The wave-length separation here corre- 
sponds to a Av difference of 0.480 cm™, which 
is the 3 ?D3,2—3 ?Ds5,2 separation. 


TABLE I, 
line nN classification structure 
Bel 8254 2'!P—3'S sharp 
Bell 4673 3°*D—4?2F one com- 
ponent at 
—0.105A 
Be I 4572 2'1P-—3'D sharp 
Bell 3130 2 2S—2?2Pi2.5 sharp 
Bel 2348 2 4S—2!P line width 


about 0.030A 


The term “sharp” in Table I means that no 
structure was found. In the case of 43130 the 
two lines 2S) 2 —*P}/2 and 2S, )2—*P3,2 are 0.648A 
apart and were unresolved by the prism instru- 
ment used. It was, therefore, necessary to 
make one line fall on the first chief maximum 
of the other line in the interferometer pattern 
so that the intervening space would be free to 
show any components. Even so, no compo- 
nents were found. 

The only indication of possible structure lies 
in the fact that A2348A has a line width of 
about 0.030A. 

This negative result does not necessarily 
mean that 7=0 for Be and it is hoped that an 
examination of the Be III and IV lines with 
the 21 ft. grazing incidence vacuum spectro- 
graph which is now being set up in this labo- 
ratory will show a beryllium structure com- 
parable with that of lithium. 

P. GERALD KRUGER 
R. C. WAGNER 
Department of Physics, 
University of Illinois, 
July 5, 1932. 


1T. Chadwick, Nature 129, 312 (1932). 


Newton’s Rings in Transparent Metallic Films 


In attempting to produce a film of man- 
ganese on glass by cathodic sputtering from a 
piece of pure manganese only 2.5 X1.5 cm in 
area, a series of colored fringes were observed 
in the film by reflected light. These fringes are 
undoubtedly similar to those observed by 
Bockstahler and Overbeck! who reported 
some observations on sputtered tin. In order 
to make a closer study of these fringes, a mica 
screen having a circular opening of 1.5 cm 
diameter, was placed about one mm in front 
of the manganese cathode. Due to the intense 
heating, a Pyrex glass plate was used to re- 
ceive the film. Manganese sputters very 
slowly. With a current of about 10 milliam- 
peres, hydrogen being the residual gas, some 
ten hours were required to produce a film in 
which was visible, by reflected light, a series 
of brilliant Newton's rings. During the period 
of sputtering these rings gradually increased in 
size, other rings forming within, until the 
outermost ring had a diameter of almost 5 
cm. The order of colors appearing was as 
follows: yellow, light brown, reddish brown, 
purple, blue, green, and back to yellow. This 


seems to be about the same as that reported by 
Edwards? who made some observations on 
films of copper deposited on aluminum and 
nickel. 

The glass directly underneath the center of 
the circular opening in the mica, was found 
to be free of any metallic deposit, due doubt- 
less to the intense heating of the glass plate 
produced by the cathode rays. The film was 
thus of variable thickness, being a maximum 
just under the edge of the circular opening in 
the mica screen, and diminishing to zero both 
towards the center and the edges of the glass 
plate. Hence a cross section of the film taken 
across the center of the glass plate would be 
like a vertical cross section of a volcanic moun- 
tain, the center of the film corresponding to 
the crater of the volcano. 

It seems quite likely that the colored 
fringes are due to the interference of light 
between the front and rear surfaces of the 
transparent manganese film, confirming the 


1L. I. Bockstahler and C. J. 
Phys. Rev. 37, 465 (1931). 


Overbeck, 
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view taken by Edwards.? These rings enable 
one to test this assumption, for whatever 
phase differences in light that might be intro- 
duced as the result of reflection and refraction 
at the front and rear surfaces of the film, it 
must be true that adjacent rings of identical 
color are located at points in the film differ- 
ing in thickness by one half of a wave-length 
as measured in the metal. This serves as a step 
by step method for evaluating the thickness 
of the film at various points. Accordingly the 
film was illuminated normally by monochro- 
matic light, and the positions of the various 
black interference rings measured by means 
of a short focus cathetometer. Reflection from 
the rear of the glass plate was eliminated by 
attaching a glass prism to the rear of the 
plate by means of cedar oil. 

There is some question as to the thickness 
of the film at the first or outermost black ring. 
Allowing for the phase differences due to re- 
flection and refraction at the surfaces of 
the film, the thickness of the film at this point 
was estimated to be not over one tenth of a 
wave-length. By plotting two cross sections 
of the film taken at right angles to each other, 
the mean thickness of the film was evaluated 
graphically. The maximum thickness of the 
film was found to be 8.1 X 107° cm. 
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Assuming the film as having a circular area 
of 2.5 cm in diameter, the weight of the film 
was computed by means of the expression 
mr°d NX/2n, where r is the radius of the film; 
d, the density of manganese; , the refractive 
index of manganese as obtained previously® 
for this sample forming the cathode; A, the 
wave-length in air; and N the number of black 
fringes which serves as a measure of the mean 
thickness of the film. The weight of the man- 
ganese film so computed was 0.0045 gr from 
measurements made on the black rings as 
viewed in mercury green light, and 0.0042 gr 
as viewed in yellow sodium light. By actual 
weight of the glass plate before and after 
sputtering, the weight of the manganese film 
was found to be 0.0040 gr. The results are suf- 
ficiently in agreement to justify the conclusion 
that the phenomenon observed is one of inter- 
ference. 

J. B. NATHANSON 

Carnegie Institute of Technology, 

Pittsburgh, Pa., 
July 8, 1932. 

2H. W. 166 
(1931). 

3 J. B. Nathanson, J. O. S. A. 20, 593 
(1930). 


Edwards, Phys. Rev. 38, 


Total Secondary Electron Emission from Metal Faces 


It is well known that in experiments relat- 
ing to the emission of secondary electrons 
from metal faces due to an incident beam of 
primary electrons, the ratio R of the total 
secondary to the primary current increases 
almost linearly with the potential from about 
30 volts, attains a broad maximum (almost 
similar to a saturation effect) at some poten- 
tial and then decreases slowly and linearly as 
the applied potential is increased. The energy 
at which the maximum occurs depends on the 
nature of the target and also for any particular 
metal, on the nature of the crystal face bom- 
barded.!:? The reason why the secondary elec- 
tron curve bends round and decreases at 
higher potentials has so far been obscure. 

Copeland’ has recently made the interesting 
suggestion that if the rate of fall of R with 
potential be divided by the actual value of R 
in the region, the ratio for various metals 
gives a fairly linear graph when plotted 
against the densities of the targets. The aim 
of this note is to draw attention to the further 
interesting observation that this ratio for any 


particular metal probably depends also on the 
grating constant of the crystal face presented 
for bombardment. Experiments on polycrys- 
talline nickel targets' and on the 100° and 
110 faces of large nickel single crystals, con- 
ducted by the writer in Prof. O. W. Richard- 
son's laboratories in King’s College, London, 
show that the ratio dR/RdV varies almost 
linearly with the grating constants of the 
faces. 

These observations suggest that the de- 
crease of R at higher potentials is probably 
due to the absorption of the primary electrons 
and to a much larger extent of the secondary 
electrons. As the potential is increased, the 
depth of penetration of the primary electrons 
within the metal increases and as a result, 
there is much greater absorption of the slower 


1S. R. Rao, Proc. Roy. Soc. A128, 41 
(1930). 

2S. R. Rao, Proc. Roy. Soc. A128, 57 
(1930). 

3 P. L. Copeland, Phys. Rev. 40, 122 (1932). 
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secondary electrons. This absorption can it- 
self account for the decrease in the value of R 
under consideration. It is also instructive to 
find out the variation of the ratio dR/RdV 
with the atomic number instead of with the 
density. The kind of absorption in this case 
may be due to the collisions of the outgoing 
secondary electrons with the bound orbital 
electrons within the atoms, while that part 
of the absorption depending on the grating 
constant may be due to the collisions of the 
secondary electrons with the free or valency 
or structure electrons.‘ The grating constant 
may be taken as a measure of the probability 
of the collisions of the secondary electrons 
with those mentioned above. The experi- 
ments of Davisson and Kunsman and later of 
Davisson and Germer® suggest that the larg- 
est secondary emission is in the direction of 
the primary beam when the incidence is 
normal. 

These considerations indicate that the de- 
crease of R at higher potentials is mainly due 
to the absorption of the secondary electrons 
due to their collisions with the bound or partly 
bound or free electrons. The efficiency of pro- 
duction of the secondary electrons would 
therefore be a constant after a certain poten- 
tial is reached (this potential depending on the 
nature of the metal and the crystal surface) if 
there were no absorption of the secondary 
electrons. 


The results mentioned above derive addi- 
tional support from the fact that adsorption 
of gases by the crystal surface increases the 
ratio dR/R dV considerably. This was found 
to be the case with the 110 face of a nickel 
crystal. 

Also careful experiments by Nakaya® show 
that a similar saturation effect exists in the 
photoelectric efficiency curves for soft x-rays 
at voltages in the neighborhood of 3000 volts 
for ordinary metals. It is highly probable that 
if the potentials are carried much _ higher, 
these curves may also show a similar fall 
in value due to the absorption of the photo- 
electrons in the medium of the photoelectric 
target. 

More accurate work on the secondary elec- 
tron emission from different metals and crys- 
tal faces is necessary to settle these interesting 
questions. 

S. RAMACHANDRA Rao 

Annamalai University, 


Annamalainagar, S. India, 
June 8, 1932. 


4Q. W. Richardson, Proc. Roy. Soc. A128, 
63 (1930). 

°C. J. Davisson and L. H. Germer, Phys. 
Rev. 30, 705 (1927). 

®U. Nakaya, Proc. Roy. Soc. Al24, 616 
(1929). 


A Theory of the Ozone of the Lower Atmosphere and Its Relation to the General Problem 
of Atmospheric Ozone 


The observed failure of radiation in the 
region 2200-2000A to penetrate the earth's 
atmosphere has made it of considerable in- 
terest to identify the substances which are 
responsible for the stopping of this radiation 
lying between the ultraviolet absorption of 
ozone and that of oxygen. The absorption of 
light by the molecule O,' in the earth's at- 
mosphere can account for the removal of the 
greater part of this radiation. That this is the 
case may be shown in an approximate way by 
using the absorption coefficient of O, and its 
dissociation constant computed in Ref. 1, 
and an oxygen distribution in the atmosphere 
given over the heights 0 to 11 km by the 
expression m =5.38 X 10'S e-1-12x10 molecules 
/cc, and above 11 km by the expression » 
=1.57 X10!8 e-1-73x10* molecules/cc, where 
sz, the height, is in centimeters, this distribu- 
tion resembling closely that given in Table 2, 


p. 393, Vol. I, International Critical Tables. 
These quantities lead to an intensity at the 
earth’s surface of a little less than 1 percent 
of the initial intensity outside the atmosphere. 
The absorption will, however, be greater than 
this, for it was shown by Warburg,? on whose 
experimental work rests the quantitative 
measurement of the absorption, that in air 
this unusual oxygen absorption was greater for 
the same amount of oxygen than in pure oxy- 
gen. This was briefly discussed in Ref. 1. The 
use of Warburg's data on air leads, in much 
the same way as was done for pure oxygen in 
Ref. 1, to an equilibrium constant of approxi- 
mately K,=0.6 gm/cc for the dissociation 
of O,, if the molecular absorption coefficient is 


1 Wulf, Jour. Am. Chem. Soc. 50, 2596 
(1928); Proc. Nat. Acad. Sci. 14, 609 (1928). 
2 Warburg, Berl. Ber., p. 230, 1915. 








376 


taken to be unchanged. The atmosphere is 
approximately a 79% Ne and 21% Oz mixture 
over the altitudes of appreciable Oy absorp- 
tion. Carrying out the same calculations as 
mentioned above, with the same distribution 
of oxygen but with this O,; dissociation con- 
stant appropriate to air, one finds that radia- 
tion in the vicinity of 2100A will be reduced 
to roughly 10~° of its original value. At a 
height of 4 km the intensity proves to be a 
few percent of the original, this being men- 
tioned here because experiment has shown 
that no detectable radiation of these wave- 
lengths occurs even at this height.’ Qualita- 
tively these calculations do not, of course, 
depend upon the interpretation of this ab- 
sorption as being due to the molecule Oy, it 
being sufficient that there is this density-de- 
pendent absorption in oxygen, that is, this 
absorption which does not follow Beer’s Law. 
The above is not intended to imply that QO, is 
the only absorbing substance, but simply that 
its absorption cannot be entirely neglected. 
Ozone and the molecule O2 undoubtedly also 
absorb weakly in this region. 

At the same time this absorption accounts, 
at least in part, for the ozone in the lower at- 
mosphere recently measured by Gétz and 
Ladenburg.* For the absorption of this radia- 
tion leads to photochemical ozone formation 
as also has been shown by Warburg.’ This 
ozone formation from QO, occurs chiefly in the 
troposphere, because the greater part of the 
absorption lies in these relatively low alti- 
tudes. This ozone is in a singular position 
photochemically, being protected from radia- 
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tion most active in its decomposition by the 
ozone formed at higher altitudes from O,. In 
view of the observation that no detectable 
radiation in the region 2200-2000A reaches 
even a height of 4 km, the photochemical 
formation of this ozone of O, origin apparently 
occurs for the most part at moderate heights. 
No inconsistency enters here with the obser- 
vations on the ozone content of the atmos- 
phere close to the earth, however, since the 
troposphere is a stirred atmosphere, convec- 
tion distributing the ozone more or less uni- 
formly throughout it. The formation of ozone 
from O, depends evidently upon atmospheric 
density, not merely upon the total oxygen in 
the path, and hence will be related to latitude 
and weather conditions. The above considera- 
tions are obviously related to the general 
problem of atmospheric ozone, especially to 
its distribution, though further work is re- 
quired to determine the quantitative im- 

portance of these relations. 

OLIVER 
Bureau of Chemistry and Soils, 
U.S. Department of Agriculture, 
Washington, D. C., 
July 14, 1932. 


R. WuLr 


8’ Lambert, Déjardin and Chalonge, Compt. 
Rend. 177, 757 (1923). 

4 Gotz and Ladenburg, Die Naturwissen- 
schaften 19, 373 (1931); see also Fabry and 
Buisson, Comp. Rend. 192, 457 (1931). 

®* Warburg, Berl. Ber. p. 746; 1911, p. 216; 
1912, p. 872; 1914; Z. Elektrochem. 26, 54 
(1920); 27, 133 (1921). 


The Raman Spectra of Two Liquid Phases of Nitrobenzene 


M. Wolfke and J. Mazur have found an 
irregularity in the heating curve! and also 
abrupt temperature variation of the dielectric 
constant and density?“ of mononitrobenzene, 
at a temperature of 9.5°C, i.e., slightly above 
the freezing point. Their results seem to imply 
a definite intra-molecular energy change in the 
liquid state at 9.5°, and, therefore, presumably 
the Raman spectrum should be modified at 
that transition temperature. An attempt was 
made to find such a modification, but expo- 
sures taken above and below 9.5° failed to 
show any evidence of one. 


'M. Wolfke and J. Mazur, Nature 127, 
741 (1931). 

2 J. Mazur, Nature 126, 993 (1930). 

3 J. Mazur, Nature 127, 893 (1931). 


Three types of modification of the Raman 
spectrum were looked for: (1) shift of one or 
more of the lines, (2) intensity changes, (3) 
disappearance of one or more of the lines in 
one or the other phase. 

Shifts of the order of 0.2A could have been 
observed in the region of the Raman lines 
but no shift of any line was found. 

At the lower temperatures, a marked in- 
crease in the intensity of all the lines in the 
blue end of the spectrum was observed but, 
by several other experiments, this was found 
to be due to a large but continuous change in 
the absorption coefficient of nitrobenzene with 
temperature. 


Exposures up to one and a half hours were 
taken at 6.0°C and room temperature but 
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these plates show no line appearing at one 
temperature and not at the other. No longer 
comparison exposures were made since a 
fourteen hour exposure at room temperature 
brought out only one line that the one and one 
half hour exposure did not show. 

Our plates show a number of lines which 
Kohlrausch does not report! for nitrobenzene, 
but, pending further study, we cannot say 
whether these lines belong to nitrobenzene, 
nitrothiophene (which may have been present 
at least as a trace), or some other impurity. 
These unidentified lines occur at wave-num- 
ber separations approximately equal to: 
675, 1025, 1080, 1175, 1385, 1415, 1755, 1805, 
2450, 2090, and 2830 ¢m™. 

The sample used was C. P. mono-nitroben- 
zene which had been washed first with dilute 
Na.COs; and then many times with distilled 
water, dried a week or more over CaCl, and 
triply distilled under about 1 mm of Hg pres- 
sure. The original sample had shown the 
presence of a trace of nitrothiophene and it 
may be that the distillation did not com- 
pletely remove this impurity. 

The spectra were taken with a Hilger con- 
stant deviation spectrograph with dispersion 
of about 20A/mm at 4358A. The General 
Electric Company Raman Outfit was used for 
irradiating the sample, with a 220 volt hot 
cathode mercury are along one focus of the 
elliptical reflector and the sample tube along 
the other focus. Highly distilled nitrobenzene 
has still a slight yellow color and absorbs 
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strongly the exciting radiation we used 
(4358A). Therefore the sample tube was made 
conical, and of such a taper as to just fill the 
spectrograph aperture. This arrangement 
greatly increased the intensity of the Raman 
spectrum. A glass walled cooling system was 
placed in contact with the whole length of the 
sample tube. In a final 18 hour exposure at 
room temperature, the cooling system con- 
tained distilled water with enough potassium 
chromate to absorb completely the 3650, 
4046 and 4078 lines. The sample itself aided 
in this complete absorption. All of the lines on 
the final plate must have been excited by the 
4358 line and its two companions or have been 
anti-Stokes lines due to 4916 line or those of 
longer wave-lengths. Computations, 
ever, proved that none of the lines was an anti- 
Stokes term. 


how- 


Eastman 40 and Ilford Golden Iso Zenith 
(H and D 700 and 1400) plates were tried 
but the Eastman 40 plates were selected be- 
cause much less trouble was had from fogging 
during development with this type. The 
slightest fog covered up many weak lines. 

A. M. THORNE 
P. L. BAYLEY 
Lehigh University, 
Bethlehem, Pa., 
July 14, 1932. 


4k. W.F. Kohlrausch, Der Smekal-Raman 
Effect. Julius Springer, Berlin, 1931. 


A New Band System of Barium Hydride in the Infrared 


With the aid of the new Eastman Infrared 
Sensitive plates the writer has discovered an 
intense band system of BaH in the infrared 
with principal heads at about 9020A and 
10,000A, degraded to the red. The experi- 
mental conditions were identical with those 
used by Fredrickson and Watson! in photo- 
graphing the *1I—?S BaH bands in the visible 
red region. The bands in the infrared are also 
*1I—*, the two systems having a common 
final 2S state, but with considerably different 
spin multiplet spacing in the *II states. For 
the spacing between the two groups of 
branches in the infrared band is about 1000 
cm, whereas A=462 for the red system 
previously investigated. 

The shorter wave-length group of branches 
from 8920A to about 9250A has been photo- 
graphed at high dispersion with good inten- 
sity using the Infrared Sensitive plates A, but 


'W. R. Fredrickson and W. W. Watson, 
Phys. Rev. 39, 753 (1932). 


with the new Eastman Infrared Sensitive 
plates B only the strongest lines of the 
branches beyond 10,000A have been registered 
even with long exposure. 

This is the first instance among the diatomic 
hydride molecules for the alkaline earths of a 
second #II state, and the nearness of these two 
211 levels in BaH is undoubtedly to be corre- 
lated ‘with the fact that only for Ba is the *D 
level found below *P. But A =832 for the low- 
est *P levels of the Ba atom, and so no definite 
assignment of either of the observed “II levels 
of BaH to the *P level of Ba seems possible. 
Rather, as now seems even more evident,! 
these molecular levels must come from a forc- 
ing together of the *P and °D levels of the Ba 
atom. This point will be discussed and the 
data on this infrared BaH system presented in 
a later communication. 

WitiiamM W. Watson 

Sloane Physics Laboratory, 

Yale University, 
July 15, 1932. 











LETTERS TO THE EDITOR 


Zeeman Effect and Perturbations in the CO Angstrom and the N.* Bands 


Rosenthal and Jenkins! have described an 
interesting example of multiple perturbations 
in the 'S—'Il Angstrom CO bands, particu- 
larly in the (0, 0) band at 4511A, for which 
they give the undoubtedly correct quantum 
analysis. Spectrograms recently taken by the 
writer show additional faint 
extend their “resonance” curves at several of 


lines which 
the perturbations and which emphasize the 
occurrence of two lines for each J value around 
the perturbation The 
of the quantum assignments of all these lines 


points. correctness 
is attested by the \./’(/) combination rela- 
tions and by the Zeeman effect observed in 
the present investigation. The existence of 
large, irregular Zeeman effects for certain 
lines was first noted by Crawford? in his work 
on the regular Zeeman effect in these CO 
bands. 

As pointed out by Rosenthal and Jenkins, 
the fact that these perturbations are multiple 
would indicate that the perturbing state is not 
a singlet state, and the different types of 
Zeeman effects observed at the several pertur- 
bations bear this out. In general, the greater 
the displacement of the perturbed line the 
larger its Zeeman effect, and the effects in- 
crease rapidly with increasing field strength. 
The regular Zeeman effect for lines with these 
intermediate and high J values for this type 
of electronic transition is so small as to leave 
the unperturbed lines totally unaffected by 
the magnetic field. At the first perturbation 
point, however, the line P,(8) for example is 
symmetrically broadened at low field strengths 
and becomes a wide asymmetrical doublet 
with broad components at high field strengths 
(30,000 gauss). The effect of the field on the Q 
branch lines around J=12 is just to increase 
the magnitude of the perturbation, the shift 
of Q.(14) at J7=26,000 gauss being +0.96 
cm, while that of Q,(11) on the other 
branch of the “resonance” curve is —0.55 
cm. Those Q lines having the maximum 
perturbation are shifted the most, but the 
field lines are quite sharp, there being no indi- 
cation of any shading towards the no-field 
position. The lines P,(16) and R,(16) near 
the maximum of the next perturbation, on the 


1 J. E. Rosenthal and F. A. Jenkins, Proc. 
Nat. Acad. Sci. 15, 896 (1929). 

2F. H. Crawford, Phys. 
(1929), 


Rev. 33, 341 





other hand, are merely much broadened by 
the magnetic field at all field strengths, the 
uniform broad block of radiation being not 
quite symmetrical about the no-field line. 
Some of the P, R and Q lines at the perturba- 
tion around J=28 in the (0, 1) band as well 
as in this (0, 0) band become very sharp 
doublets, with the two components of different 
intensity, for the line on the one side of the 
perturbation point, while a line on the other 
side of the perturbation is uniformly broad- 
ened. 

These differences in Zeeman pattern indi- 
cate that the state perturbing this 'Il state is 
multiple, in violation of one of Kronig's rules 
that the two perturbing states must have the 
same multiplicity. However, this rule need 
not be expected to hold strictly here, for sing- 
let-triplet combinations do occur in CO. The 
d(*1l?) level which lies just 0.09 volts below 
this 'Il state may be the level whose rotational 
terms are responsible for these perturbations. 
The differences in the spread of the magnetic 
sublevels in the three spin components, to- 
gether with the rule that only levels of the 
same ./f value perturb each other, could ac- 
count for the variations in field patterns ob- 
served for these perturbed lines. An analysis 
of the Merton-Johnson triplet bands in the 
red which arise from this d level should be 
made to find these corresponding perturba- 
tions. 

The N2* bands which are a *Y—*®> transi- 
tion are present on some of the writer’s CO 
spectrograms. A_ perturbation similar to 
those in the 2=—*S CN tail bands occurs in 
this system® in all bands with v’=1 for J 
= 13}. All of the lines except those displaced 
near the center of the perturbations are insen- 
sitive to the magnetic field, whereas these 
perturbed lines are either shifted or become 
rather sharp doublets. A more detailed de- 
scription of these peculiar Zeeman effects in 
both of these band systems, together with the 
possible explanations, will be submitted in 
the near future for publication in this journal. 


WILLIAM W. WATSON 


Sloane Physics Laboratory, 
Yale University, 
July 15, 1932. 


’M. Fassbender, Zeits. f. Physik 30, 73 
(1924). 
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The Réle of Gas Adsorption in Counting Chambers* 


Recently in Naturwissenschaften (vol. 20, 
p. 315), W. Schulze briefly outlines experi- 
ments with Geiger-Miiller tube counters 
which indicate, according to his interpreta- 
tion, that gas adsorption on metallic surfaces 
can have no influence on the abruptness of the 
interruption of the current pulse when these 
devices are functioning properly as counters. 
He is probably correct in assuming that both 
point counters and tube counters are depend- 
ent upon the same fundamental physical 
conditions, in spite of marked differences in 
behavior. However, the mere fact that widely 
different electrode treatments, in the case of 
tube counters, yield no noticeably different 
operating conditions, does not in itself justify 
the conclusion that gas adsorption plays no 
role in the operation of the counter. It is 
a well established fact that the surface of the 
point electrode in the point counter does re- 
quire special and careful preparation, es- 
pecially when operated at or near atmospheric 
pressure. It is also true that the inner surface 
of the tube counter can be given such treat- 
ment that it will fail to function as a counter 
at any pressure whatever. It is difficult to 
reconcile these facts with the view put forth 
in Schulze’s communication mentioned. The 
adsorption of gas by solid surfaces is one of 
the most common occurrences with which we 
have to deal since gases are adsorbed under a 
great variety of conditions. Moreover, when, 
as is usual, the tube is the negative electrode, 


* Publication Approved by the Director of 
the Bureau of Standards of the U. S. Depart- 
ment of Commerce 


the arrangement is such that intense electric 
fields do not exist near the inner surface of the 
tube and it is not to be expected that the sur- 
face conditions would be as important as 
in the case of the point counter used with the 
point as the negative electrode. 

I should like to point out that it seems ques- 
tionable to try to draw any general conclu- 
sions regarding the principles underlying the 
operation of counters from observations only 
in hydrogen at reduced pressures as Schulze 
has done. For under such conditions adsorp- 
tion of gas undoubtedly does occur and it 
would appear very difficult to prepare any 
kind of electrode surface which would not 
have its properties modified by such adsorp- 
tion. As clearly demonstrated with a point 
counter, the effects of such adsorption are 
most evident when the kind of gas in the 
counter is changed while it is in operation, the 
pressure remaining constant. When a counter 
with a prepared copper point is counting with 
hydrogen at atmospheric pressure slowly 
streaming through it, the introduction of a 
few percent of CO into the flowing hydrogen 
immediately causes the counter to cease func- 
tioning. This is very difficult to explain on 
any basis of an effect existing only in the gas 
discharge in the counter but its explanation 
becomes relatively simple when the adsorp- 
tion properties of COon “catalytic’’ copper 
are considered. 

L. F. Curtiss 

National Bureau of Standards, 

Washington, D.C. 
July 15 1932. 
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BOOK REVIEWS 


Graphische Darstellung in Wissenschaft und Technik, M. Prrani. Pp. 149, figs. 71. 
Walter de Gruyter and Co., Berlin, 1931. Price RM 1.80. 

This little booklet of the Sammlung Géschen is well up to the standard set for the series. 
It provides a self contained, easily understood, concise and trustworthy treatment of the mat- 
ter chosen for consideration. The selection of material is good. Chapter 1, 31 pages, is an ele- 
mentary and detailed discussion of the principles and methods involved in presenting graph- 
ically the information contained in a table of two variables. It is excellent reading for freshmen 
technical students. Chapter 2, 36 pages, presents various methods for exhibiting graphically 
the relationship between two variables connected by a known equation. Thus the method of 
reducing the graph to a straight line by constructing suitable rectangular scales is given, and 
with this a neat and useful central projection method of constructing scales for the linear frac- 
tional transformation. Chapter 3, 67 pages, discusses graphical representations of equations of 
three variables, the topographical method followed by a concise and excellent treatment of the 
construction of alignment charts. Throughout the text specific references to more extended 
treatments are made and an appendix contains a bibliography and a table of functional rela- 
tionships with related suggestions as to suitable choices of graphical methods. 


Henry E. Hartic 
University of Minnesota 


Vector Analysis, with Applications to Physics. RicHArp Gans. Translated from the sixth 
German edition by Winifred M. Deans. Pp. 163. Blackie and Son. 

This is a concise and very clear introductory account of vector analysis, and of its applica- 
tions to mechanics, hydrodynamics, electrodynamics, and optics, including crystal optics. 
Some 45 exercises are given, and the methods of solution of these are collected at the end of the 
book. 

The treatment brings out very forcibly not only the fact that one of the reasons for the 
usefulness of vectorial methods in stating and solving a large class of physical problems lies 
in the conciseness of the notation, but also, and in the reviewer's opinion this is far more impor- 
tant, that vector methods allow the writing of various physical relationships in a manner which 
exhibits the physical content of these relationships in a most natural and lucid way. 

Tensors are introduced by means of linear vector functions. The treatment is very under- 
standable. 

Incidentally, the reader must be careful to combine the remarks about vectors on page 1 
with those made in Section 3 on the addition of vectors, in order to obtain a satisfactory defi- 
nition of a vector. 

The English translation of Professor Gans’ book was made from the sixth German edition. 
(A Spanish translation appeared in 1926.) It should do a good service to those who wish to be- 
come acquainted with the fundamental ideas of vector analysis, and with their applications. 


V. RoOJANSKY 
National Research Fellow 
Princeton University 


Ergebnisse der Exacten Naturwissenschaften, P. TEN BRUGGENCATE. Vol. X. Die Ver- 
iinderlichen Sterne. 

In this 80 page article ten Bruggencate gives a very useful, critical compilation of the 
principal contemporary knowledge of variable stars. After a brief introduction and description 
of a system of classification, the lion’s share of the space—65 pages—is taken up by a detailed 
study of the cepheids and the long-period variables, both of which groups are treated ex- 
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haustively, especially from the more physical aspects of astronomy. Furthermore a large 
amount of detailed information concerning individual stars and light curves is added and dis- 
cussed, which discussion becomes enhanced because of the author's extensive experience in 
this aspect of variable star work. Contrasted to this the treatment of the semi-regular and 
irregular variables appears somewhat summary, and not in proportion to their importance. 
As another slight criticism may be offered that no historical introduction precedes, but that the 
subject is considered to have begun around 1850. 

W. J. Luyten 

University of Minnesota 


Interferometer Methods in Astronomy. F. G. PEAsE. Vol. X. 


The pamphlet begins with a short historical summary of the early attempts to apply the 
interferometer to astronomical measurements, then reviews Michelson’s work in adapting the 
interferometer to the 100 inch reflector. A table is given with the measured diameters of seven 
stars, thus condensing into such a modest space what might well be called the most phenomenal 
astronomical observations of the century. A detailed description of the new and more powerful 
50 foot interferometer recently constructed at Mt. Wilson, forms the closing paragraphs. The 
only criticism that might be offered is that instead of attributing the first calculations of stellar 
diameters to Eddington and Russell, Hertzsprung should have been mentioned, who predicted 
the diameter of Arcturus in 1905, many years before the rest of the astronomical world had be- 
come conscious of the existence of giant stars. 

W. J. Luyten 
University of Minnesota 


Die dynamische Theorie der Roentgenstrahlinterferenzen in neuer Form. M. v. LAve. 
Sonderabdruck aus Vol. X der Ergebnisse der exakten Naturwissenschaften, Pp. 25. Julius 
Springer, Berlin, 1931. 


This reprint deals with a simplified presentation of the dynamic theory of x-ray inter- 
ference, which is, as the author states, “one of the master works of mathematical physics of all 
time.” However, it is incorrect to refer to this theory as Ewald’s, for the results were derived 
several years earlier by C. G. Darwin. Darwin's work is not even mentioned in this paper. 
The theory as worked over by Laue presents a considerable simplification over Ewald's treat- 
ment. Nevertheless it is assumed that the reader is familiar with the wave-kinematical theory 
of the Laue interference as developed with the aid of the reciprocal lattice. Of course, this is 
usually the case. The effectiveness of the presentation is considerably marred by the several 
misprints in the final results. 

JosErH VALASEK 
University of Minnesota 


Kerr-Effekt, Lichtzerstreuung und Molekiilbau. H. A. Stuart. 


This is a chapter of 48 pages from Vol. X of “Ergebnisse der Exakten Naturwissenschaf- 
ten.” Particular attention is given to the calculation of the three principal polarizabilities of a 
molecule from combination of measurements on the Kerr effect and on the depolarization of 
light. Information obtained in this way forms an interesting supplement to the more familiar 
determination of dipole moments from dielectric constants. Dr. Stuart has done considerable 
original experimental work on depolarization and on the Kerr effect, including the difficult 
measurements of the latter in gases. Consequently one has the assurance that the chapter is 
written by an author thoroughly conversant with the field. The article properly stresses the 
fact that the depolarization is often difficult to measure with precision. In particular, the de- 
polarization found by Strutt in helium seems to be in flat contradiction with quantum theory, 
unless imputed to experimental error. 

J. H. Van VLECK 
University of Wisconsin 
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Die Lichtausbeute bei Stossanregung. W. HANLE AND K. Larcué. Pp. 285-324, figs. 16. 
Ergebnisse Der Exakten Naturwissenschaften, Herausgegeben von der Schriftleitung Der 
“Naturwissenschaften” Vol. X Verlag von Julius Springer, Berlin, 1931. 


Numerous investigators have been interested in the various processes responsible for the 
light emitted in a gaseous discharge. This article is a review of the literature pertaining to these 
processes, in particular to the intensity relations between lines and the probability of excitation 
of certain lines by collisions bet ween electrons and atoms as a function of the speed of the elec- 
trons. The authors have prepared graphs of the excitation functions of many of the lines in the 
are and spark spectra of Hg, Cd, Zn, He, and Ne, from experimental data. The positions of the 
maxima of the excitation functions are also given in tabular form. A brief resume of the theory 
of excitation by electron impact in included in the discussion. 

The remainder of the article is concerned with the light yield resulting from collisions be- 
tween ions and atoms, collisions of the second kind, and from the bombardment of solids with 
mass particles. 

P. T. Smiru 
University of Minnesota 


Zur Quantenmechanik der Multipolstrahlung (Dissertation, University of Utrecht), 
H. C. BRINKMAN. Pp. 60. Noordhoff N. V., Groningen, 1932. 


This work is divided into three chapters, of which only the last is accurately described by 
the title. The first chapter contains an excellent exposition of the powerful symbolic method 
developed by Weyl and Kramers for handling problems involving angular momentum; the 
second is a discussion of the classical electromagnetic radiation from a system of electrons, and 
its resolutions into multipole radiations of different orders. 

The mathematical physicist will undoubtedly find the first chapter of greatest interest. 
Dr. Brinkman’s exposition of the symbolic method of evaluating matrix elements is concise 
and comprehensive. The principal feature of this method is the representation of a wave func- 
tion Ynim asa symbolic product, £!*"n'~™, the factors £ and » being treated as complex numbers 
and called the components of a spin vector. The coordinates, and in general the components of 
any vector or vector operator, are represented symbolically as 


+ = (2—7? /2, 
y = (8+?) /24, 
2= —€n. 


This notation may be heuristically derived from the fact that in certain cases the = is an 
actual numerical equality. Its deeper significance originates in the theory of invariance under 
the rotation group. 

The procedure is to make the required matrix elements appear as the coefficients of an 
invariant homogeneous polynomial in the components of one or more spin-vectors (£, 7). Such 
polynomials form a very restricted class; in the case of a single vector they all have the form 
c(|¢|?+| | 2). The coefficients of the polynomial are at first unknown, but simple considera- 
tions always suffice to identify it with an invariant whose coefficients are easily calculated by 
purely algebraic means. As only the ratios of the coefficients of an invariant are fixed, only the 
ratios of the matrix elements are determined in this way. 

Chapter II deals with classical electromagnetic radiation, the treatment being based on 
the Hertzian vector. The expansion of the field in a series of spherical harmonics is discussed 
in a detailed manner. The terms of this series are classified as electric dipole, electric quadrupole, 
magnetic dipole, and in general, multipole radiation. The contribution of the magnetic proper- 
ties of the electron to the magnetic dipole radiation is discussed briefly, but it is pointed out 
that contributions to the higher orders of radiation are also to be expected. 

The last chapter is concerned with the reinterpretation of the results of Chapter II by the 
correspondence principle and the calculation of the matrix elements by means of the methods 
developed in Chapter I. From the nature of these methods, it follows that no calculations of 
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the absolute probability of a forbidden transition are attempted. The goal is a generalization of 
the Goudsmit-Kronig-Hénl relative intensity formulae, selection principles included. 

The final results may be listed as: (1) The selection principles and intensity rules for the 
multipole radiation of any order emitted by an atom with Russell-Saunders coupling. (The 
Kronig-Hénl formulae are special cases.) (2) The Rubinowicz formulae for the relative intens- 
ties of the Zeeman components of quadrupole radiation. (3) Formulae for the relative intensi- 
ties of the Zeeman components of magnetic dipole radiation, taking the magnetic moment of 
the electron into account. 

Cart ECKART 
Palo Alto 
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PROCEEDINGS 


OF THE 
AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE NEW HAVEN MEETING, JUNE 23-25, 1932 


The 179th meeting of the American Physical Society was held in New 
Haven, Connecticut on Thursday, Friday and Saturday, June 23, 24 and 25, 
1932, upon invitation from Yale University. The registration for the meeting 
numbered 194. The scientific sessions were held in the Sloane Physics Labo- 
ratory and in the Osborn Zoological Laboratory. The presiding officers were 
W. F. G. Swann, President of the Society, Paul D. Foote, Vice-president, 
Karl Kk. Darrow, Bergen Davis, Herbert E. Ives, George B. Pegram and S. R. 
Williams. 

Thursday morning was taken up with four parallel sessions of contributed 
papers, abstracts of which appear in these Proceedings. Thursday afternoon 
there were two informal conferences, one on Definitions and Units pre- 
sided over by Leigh Page, and one on The Atomic Nucleus presided over by 
Henry A. Barton. 

Friday morning was devoted to a symposium of four invited papers on 
“X-rays,” abstracts of which are included in these Proceedings. 

Saturday morning was given over to a joint session with the Applied 
Mechanics Division of the American Society of Mechanical Engineers which 
was meeting at Yale during the same three days. This joint meeting was a 
symposium on “Plasticity.” Abstracts of the papers appear in these Pro- 
ceedings. 

The local committee provided very complete arrangements for the com- 
fort, entertainment and enjoyment of the visitors throughout the meeting. 
The Physical Society dinner was held at the New Haven Lawn Club on 
Thursday evening with 145 guests present. There were no after dinner speak- 
ers and the dinner was followed by a complimentary presentation at the 
University Theatre of A. A. Milne’s “The Perfect Alibi” by the Yale Dra- 
matic Association. This was thoroughly enjoyed by every one. 

On Friday afternoon the members were taken to a picnic at Double Beach, 
a delightful place on the shore where there were sea bathing, sports and 
dinner. Some members, who did not attend the picnic, went to the Boat Race 
at New London. Throughout the three days there were special teas, trips 
through the museums and the Sterling Library and sightseeing trips through 
the city provided for the visiting ladies and any others who wished to take 
advantage of them. 

On Saturday afternoon there was a short meeting of the Physical Society 
at which President Swann and others discussed for the information of the 
membership some of the problems relating to publications and finance to 
which the Council has been giving much attention. 
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At the close of the joint session of the two societies on Saturday morning 
there was a unanimous rising vote of thanks given to Yale University and 
the local committee and to the Yale Dramatic Association for the splendid 
arrangements and entertainment provided for the visiting Societies during 
the three days of their meetings in New Haven. 

Meeting of the Council. At its meeting on Friday, June 24, 1932, the 
Council elected one person to fellowship. Fourteen candidates were elected 
to membership. Elected to fellowship: Harold Pender. Elected to membership: 
H. E. Banta, John E. Davis, Georges Dejardin, G. W. Heitkamp, G. B. 
Kistiakowsky, Shoji Makishima, Ralph E. Nusbaum, Walter J. Osterhoudt, 
Tokutaro Sawai, Walter Soller, S. R. Toh, C. M. Van Atta, Juanita Witters 
and Stephen A. Zieman. 

The regular scientific program of the Society consisted of forty-three 
contributed and seven invited papers. Numbers 7, 8, 9, 10, 21, 23, 33 and 39 
were read by title. Number 12 was withdrawn at the request of the author 
and therefore the abstract does not appear in the Proceedings. The abstracts 
of the papers are given in the following pages. An Author Index will be found 
at the end. 

W. L. SEVERINGHAUS, SECRETARY 


1. Theory of variation of paramagnetic anisotropy among different salts of the iron group. 
J. H. Van ViLEcK, University of Wisconsin.—Experimentalists find that nickel salts are mag- 
netically isotropic to about one percent, but that those of cobalt have anisotropy amounting to 
around 30 percent. A theoretical explanation is given for this difference, which at first sight is 
puzzling because both the Ni** and Co** ions have F ground terms (respectively d* *F and 
d' *F). Suppose the crystalline potential of the form Ax*+By?—(A +B)24+-D(x*+y'+2') +/(r) 
where the rhombic or second order terms are small compared to the “‘cubic’’ or fourth order 
ones, as indicated by the recent investigations of Jordahl, Penney, and Schlapp (Phys. Rev. 
May 15, (1932) ). Then by joint adaptation of the Bethe group theory of crystal Stark effect 
and the Goudsmit-Slater method of diagonal sums it is shown that the energy diagram con- 
nected with the splitting in the crystal field is inverted for Co** as compared to Ni**, so that a 
state which is nearly isotropic magnetically is the ground state for Ni**, whereas an aniso- 
tropic one is the normal level for Co**. The inversion phenomena are also discussed in connec- 
tion with other ions of the iron group in which it appears. The nearly perfect isotropy of man- 
ganous salts is trivial, as Mn** isin an S state. 


2. Monocrystal Barkhausen effects in rotating fields. F. J. Beck anp L. W. McKrenan, 
Yale University.—The directions of Barkhausen effects in a single crystal disk of silicon steel, 
held stationary in a magnetic field rotating slowly in the plane of the disk, have been deter- 
mined. Search coils at right angles picked up impulses proportional to selected rectangular com- 
ponents of the changes in magnetization. Measurements on an oscillographic record were made 
at two values of induction: 1480 and 645. Values of the angle @ between the change in mag- 
netization AJ and the corresponding variation in the applied field, (dH dt)At are determined for 
various positions of the applied field relative to the crystallographic axes. The normal to the 
disk made angles of 30°, 60°, 90° with these axes. For these low values of induction the effects 
are mainly transverse and are more nearly transverse for the greater value of induction. The 
average value of # is about 20° (AJ lagging) for the lower value of B and is less than 5° for the 
higher value. Individual values of # for one setting differ by as much as 30°. The average 
magnetization apparently lags the applied field and makes a small angle with it. The direction 
and frequency of effects seemed unaffected by changing the direction of H in the plane of the 


disk. 
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3. Mechanical hardness influenced by magnetism. S. R. WiLLIAMs, Amherst College, 
Amherst, Mass.-About a year ago, Herbert published a most interesting article on “magnetic 
hardening of metals,” (American Machinist 74, 967, 1931). Not only did he find that rotating a 
ferromagnetic substance in a magnetic field changes the hardness but that the same thing oc- 
curred for substances which are not ferromagnetic. This work of Herbert's confirms some ob- 
servations on steel rods, made by the writer in 1924, (Williams, Trans. A. S. S. T., p. 362, 
1924). The work of 1924 has been repeated and confirmed on a series of high carbon steel rods of 
different drawing temperatures. The study has been extended to a series of steel rods of different 
carbon content and hardness. The etfect seems to be very clearly shown. Magnetostrictive 
effects have been the means for studying the changes in hardness due to magnetic fields. 


4. The dielectric constant of liquid sulphur. H. J. Curtis, Yale University.-The dielectric 
constant and power factor of liquid sulphur was measured by a bridge method at four different 
audiofrequencies and over the temperature range 118°C to 350°C. The dielectric constant was 
found to be independent of frequency and equal to 3.520 +0.010 at 118°C. The specific polar- 
ization is independent of temperature between 118°C and 158°C and equal to 0.2528 +0.0008 
em®g™', Above 158°C the polarization decreases directly as the reciprocal of the absolute 
temperature, showing that molecular association occurs with very strong binding forces be- 
tween the molecules. This shows that liquid sulphur is definitely nonpolar. A method was 
developed for differentiating between that part of the power factor which is due to conductivity 
and that which is due to molecular friction. The former was found to be very large, especially 
at high temperatures, and the latter very small at all temperatures. This is a further confirma- 
tion of the fact that sulphur is nonpolar. The infrared spectrum of liquid sulphur contains de- 
finite absorption bands, which shows that its molecules are polar. It is difficult to understand 
this contradiction, since both measurements seem to give conclusive results. 


5. Dielectric constant and particle weight. J. W. Wittiams, University of Wisconsin.— 
Svedberg has been successful with the determination of the size and weight of colloidal particles 
by observing their linear velocities when subjected to a centrifugal field. A similar result should 
follow from a study of their rotational velocities in an alternating electrical field. The method, 
an application of the dipole theory of Debye, depends upon the fact that owing to the frictional 
resistance of the medium to the rotation of the suspended particles a finite time is required for 
their orientation in the field. If the frequency dependence of the dielectric constant is deter- 
mined for a system composed of electrically dissymetrical particles supended in a liquid medium 
there will be found to be a region in which the dielectric constant decreases as the frequency 
is increased. The theory expresses the size, and therefore the weight, of the suspended particle 
in terms of the observed critical frequency and the “viscosity” of the medium. The available 
data are as yet insufficient for the exact determination of the particle size because the systems 
involved fail to conform to the assumptions underlying either the law of Stokes or the Clausius- 
Mosotti relation. Nevertheless, calculations from them indicate that once it becomes possible 
to evaluate the true inner friction constant of the system important results may be obtained. 
The method readily distinguishes monodisperse and polydisperse sols. 


6. Surface charge of large particles in liquids. HAaro_p A. ABRAMSON, Columbia Univer- 
sity, and HANS MUELLER, Massachusetts Institute of Technology.—It is proposed that an ad- 
vance in the study of the constitution of the solid-liquid and liquid-liquid interfaces may be 
made by calculation of o, the surface density of electric charge, in addition to the analysis of 
the potential difference, ¢, between the movable phases. For large particles o can be readily 
calculated by an extrapolation of the Debye theory. This has been done for the negatively 
charged surfaces of graphite, glass, cellulose, “collodion” and paraffin oil, in the case of ions 
(valence 1:1; 1:2; 2:1; 1:4) not producing reversal of sign of charge. Although the ¢-concentra- 
tion curves are rather complex, the o-concentration curve in every case yields a simple curve re- 
sembling typical adsorption with an initial steep slope and with saturation at salt concentra- 
tions of about 0.01 molar. Curves of this type have been predicted by Stern. The character of 
the curves is determined by both ions. The slope at zero concentration varies markedly, partic- 
ularly with the nature and valence of the anion; e.g., for glass in the order I>Br>Cl, the 
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differences diminishing as saturation approached. The method of calculation employed here to 
ascertain the nature and magnitude of the forces involved in adsorption of ions by “inert” 
surfaces at the liquid interface is justified by previous theory and experiment of the authors. 


7. Some remarks on the physical constants of cells in connection with their size and shape. 
N. Rasuevsky, lestinghouse Research Laboratories, East Pittsburgh.—In a paper presented at 
the Cambridge meeting, (Physics 2, 303, 1932) a formula was deduced, giving the size of a cell 
in terms of its physical constants, such as, the coefficient of diffusion for oxygen, permeability, 
surface tension and rate of metabolism. From values for the diffusion coefficient D as found for 
muscle tissue, values of the order of magnitude of 10~* cm for the size were found. Bacteria, 
however, are much smaller, and in order to account for their size, values for D about 1000 times 
as small must be assumed. It is interesting, that in a recent investigation Professor R. W. Ger- 
ard arrived at a similar conclusion from an entirely different point of view; namely, from the 
study of oxygen consumption. He discarded, however, the assumption of such a small D, as 
being not supported by any other facts, and interpreted his experimental results otherwise. 
Questions as to the possible reason of such a small D in bacteria are discussed in the present 
paper. Furthermore, some applications of the author's foregoing studies to the problem of 
shape of certain cells are made. 


8. Electric phase angle of cell membranes. KENNETH S. CoLE, Columbia University.— 
From the theory of an electric network containing any combination of resistances and a single 
variable impedance element having a constant phase angle independent of frequency, it is 
shown that the graph of the terminal series reactance against the resistance is an arc of a circle 
with the position of the center depending upon the phase angle of the variable element. If it is 
assumed that biological systems are equivalent to sucha network, the hypotheses are supported 
at low and intermediate frequencies by data on red blood cells, muscle, nerve, onion membrane 
and potato. For some tissues there is a marked divergence from the circle at high frequencies, 
which is not interpreted. 


9. A theory of surface conductance at an electrolyte-solid interface. KENNETH 5. COLE, 
Columbia University.—An expression has been derived on the basis of the Maxwell-Boltzmann 
distribution and Poisson's equation for the tangential surface conductance of an electrolyte in 
contact with a charged plane surface. One part of this expression is analogous to the result given 
by Smoluchowski for a Helmholtz double layer, while the second part arises from the move- 
ment of the ions in the diffuse ion cloud under the applied electric field. The theory shows 
qualitative agreement with the data of Briggs for the conductance of univalent chloride solu- 
tions at a cellulose surface. For all but the most dilute solutions, the Smoluchowski term is 
negligible and the surface conductance is proportional to the charge density on the surface. The 
theory does not agree with the data for different anions and it is suggested that the decrepancy 
may be due to adsorption phenomena. There may be a movement of the adsorbed ions or of a 
diffuse ion cloud resulting from the presence of adsorption potentials at a distance from the 
interface. 


10. Photographic reciprocity and intermittency defects near the long wave-length limit of 
plate sensitivity. BrRiAN O'BRIEN AND VERNON L. Parks, Institute of Optics, University of 
Rochester, N. Y.—Previous work on compensation of reciprocity failure in photographic 
spectrophotometry by intermittency defect imposed on light beam of higher intensity by 
interrupted exposure [Phys. Rev. 33, 640 (1929), Phys. Rev. 37, 471 (1931)] has been ex- 
tended to the long wave-length limit of plate sensitivity (A10,000A for one emulsion) where 
both defects become large. The four emulsions used, Eastman Process, Process Panchromatic, 
Contrast Bromide, and Infrared Sensitive 3Q, all exhibit large reciprocity failure. A tungsten 
incandescent source was maintained constant within 1/4 percent, and mounted on a carriage 
with range of movement of 50 meters for varying intensity. Fixed sectors were used with aper- 
ture ratios of 1/40 to 1/1212, running 28 flashes per second. Errors in measurement of sector 
apertures and exposure timing were less than 1/2 percent. Although reciprocity failures were 
as great as 0.92 in density, the difference in density produced on adjacent areas by continuous 
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low intensity and interrupted high intensity exposure (for //=const.) in no case amounted toa 
difference in log exposure greater than 0.012, and average difference was less than 0.004. Al- 
though just within the limit of measurement this appears to be a systematic difference with 
reciprocity defect greater than intermittency defect, but difference, if real, is so small that it 
may be neglected in photographic photometry. 


11. The absorption spectrum of sulfur dioxide. J. A. Duncan, Columbia University 
(Introduced by Harold C. Urey).— The absorption spectrum of sulfur dioxide has been photo- 
graphed in the region \A2165-2410A with a Hilger E185 quartz spectrograph having a disper- 
sion of about 1A per mm. The bands are partially resolved into rotational band lines. In this 
work an effort has been made to analyze the rotational structure rather than the vibrational 
structure, since Chow (Bull. of the Am. Phys. Soc. Vol. 7 No. 2, 19, April 12, 1932) using lower 
dispersion is working on the latter problem. The more intense lines of some bands can be clas- 
sified into branches having approximately constant second differences. These bands appear to 
fall roughly into two classifications; (1) bands consisting of only one branch resembling a Q 
branch; (2) bands consisting of two or more branches. It is found to be possible to include in 
this way nearly all the strong lines of these bands. 


12. The alternation of intensities in the sodium bands. Josern Jorre, Dept. of Chemistry, 
Columbia University. Withdrawn at author's request. 


13. The continuous absorption spectrum of chlorine. G. E. Gipson AND NoEL S. BayLiss, 
The University of California, Berkeley, California.—A photographic method was used to in- 
vestigate the continuous absorption spectrum of chlorine at six different temperatures. The 
effect of increasing the temperature is to decrease the absorption coefficient at the maximum 
and to broaden the region of continuous absorption. The results were analyzed to obtain the 
individual contributions of the first two vibrational levels of the normal electronic state to the 
total absorption. Plotted against wave number, the absorption from the lowest level, (v7 =0), 
has a form similar to that of a Gauss error curve, and the absorption from the next level, 
(v’’=1), has two maxima. The results are in qualitative accord with a theory of continuous 
absorption developed by Gibson and Rice. 


14. The origin of the mercury bands at 2480A. J. Ginson WINANS, University of Wiscon- 
sin.-The mercury bands near 2480A were photographed under different excitation conditions 
with the purpose of determining their origin. A discharge through mercury vapor was produced 
in a quartz tube through external electrodes by a low voltage Tesla coil. A photograph of the 
2476 band in the third order of a 21-ft. grating checked that of Miss Brozowska, (Zeits. f. 
Physik 63, 557 (1930)). Five different tubes containing distilled mercury showed the entire 
group of eight bands. These bands were weakened by heat. From these observations the origin 
is some form of mercury molecule, the most probable being Hg» or Hg2*. Six lines of evidence 
favor Hg2* over Hg: (1) observations on fluorescence, (2) comparison of intensities in mercury 
are and electrodeless discharge, (3) comparison of the intensities of the 2476 and 2345 bands 
under strong and weak field excitation, (4) abscence of other bands of similar character in the 
mercury spectrum and the observation by Rayleigh that these bands do not appear in ab- 
sorption, (5) classification of these bands as sequences v’—v7’’=0+1+2+3 which leads to a 
value for D>0.5 volts; (6) observed emission from state v’=41 corresponding to very high 
temperature molecules. 


15. Observations on the fluorescence spectra of cadium vapor. W. Cram Anp J. G. 
WINAns, University of Wisconsin.—A broad band in the fluorescence of cadmium vapor has 
been previously observed between the limits 3050—2288A. Kapuscinski found that mono- 
chromatic light of wave-length in this band was absorbed and reemitted by the vapor. In the 
present experiment fluorescence was excited in cadmium vapor by light from a copper spark. 
The band was found to extend from 3050 to 2212A. Lines in the exciting light, of wave-length 
below 2288A, were reemitted by the vapor in the same manner as those observed by Kapus- 
cinski. The spectrum of the electrodless discharge showed this same band but with different 
intensity distribution. These observations can be explained by the use of potential energy- 
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nuclear separation curves which correspond closely to those given by Winans to interpret the 
absorption spectra of cadmium vapor. 


16. Rotational Raman effect of gases. CHARLTON M. Lewis, California Institute of 
Technology.—The study of the Raman effect of gases has been extended to the pure rotation of 
the simpler hydrocarbons. Acetylene shows the same pattern of alternating intensities that was 
found by Hedfeld and Mecke in absorption. Ethane and ethylene, which have the form of the 
symmetrical and asymmetrical top, respectively, show more complicated fine structure; but 
in neither case is there evidence of more than one moment of inertia. The pure rotation spec- 
trum of methane appears to be missing, or at least of a lower order of intensity than the rotation- 
vibration band already found by Rasetti. The P and R branches of this band are not very much 
weaker than the Q branch, while another mode of vibration, which yields an extremely intense 
Q branch, shows no P and R branches. These characteristics are largely in agreement with what 
is to be expected from an extension to the rotational Raman effect of Placzek’s method of 
treating the vibration lines. 





17. Raman effect in crystalline NH,Cl. F. T. Ho_mes, Lehigh University—Schaefer, 
Matossi, and Aderhold (Zeits. f. Physik 65, 289 (1930)) have reported two broad Raman lines 
for NH,Cl at 3155 and 3035 cm~. The author has found that in addition to these lines most of 
the characteristic frequencies found by Reinkober (Zeits. f. Physik 5, 192 (1921)) in the infra- 
red appear in the Raman spectrum as rather broad lines. However the line at approximately 
1700 cm™ is very sharp. In addition to these, a set of four very weak lines has been observed in 
the region near 3155 and 3035 cm. In consideration of the prediction by Pauling (Phys. Rev. 
36, 430 (1930)) of rotation of the ammonium ion in this substance at room temperature, it 
seems possible to regard the members of this set as vibrational-rotational lines. Intensity con- 
siderations indicate that they may be associated with the 3035 cm™ vibrational shift. Making 
these assignments, and assuming Aj = +2 with no “missing lines,” the moment of inertia of the 
rotating group is calculated to be approximately 2.0 10-*°gm cm?*. 


18. Zeeman effect in the *]] *}- CaH bands. W. Peyton Cunnincuam, Yale University. 
(Introduced by W. W. Watson.)—The Zeeman effect in the \7000, 211 2X CaH band has been in- 
vestigated at field strengths of 10,500, 18,200 and 30,000 gauss. For the Q branches the patterns 
are in excellent agreement with the predictions of Hill's formulas for doublet states. In the lines 
of the R and P branches, however, marked departures from these predicted patterns occur in 
the region of intermediate and high K levels. It is shown that the inclusion of the magnetic 
moment due to p, the sizeable component of / perpendicular to the internuclear axis is the Iz 
levels, gives quite closely the needed corrections for these patterns. Calculation shows that for 
all these lines of high A values one block of components becomes so wide and diffuse as to be 
unobservable. Interesting variations with p and H in the observed narrower block of com- 
ponents for the region just above the crossing of the Il, levels are discussed. 


19. Zeeman effect of Pb III. J. B. GREEN anv R. A. LorinG, Ohio State University.— 
The Zeeman effect of Pb III has been studied at fields of about 40,000 gausses with the newly 
completed 30,000 line 21-ft. Paschen-Runge concave grating set-up at this laboratory, and the 
same general type of vacuum box used in our work on Sn. Of particular interest in this spec- 
trum is the 6s6p configuration, which seems to violate all the rules laid down by the theory. 
The coupling is practically j-j in type, and accurate measurements of the four lines involved in 
the transition 6s6p—6s7s°S, indicate that (1) the Pauli g-sum rule for the *P,+'P, is not ac- 
curately obeyed, the experimental value being 2.53 against the theoretical 2.50; (2) the g-value 
of *P, which should be unaffected by coupling (taking into account perturbations within its 
own configuration) is 1.35 (exp) against 1.50 (theo.). The abnormal g-value must be attributed 
to perturbations by the neighboring 6p? or 6s6d configurations. 


20. Theory of quantum defect due to polarization, with application to multiplet anomalies 
in Al II. N. G. Waitecaw anp J. H. Van VLECK, University of Wisconsin.—The formula 
A=(ae’n®/4chR)1/r for the quantum defect A due to polarization is usually derived by in- 
troducing a model in which the atom-core is given ad hoc a polarizability a. Instead a derivation 
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is given by perturbation theory in which inter-electronic interaction is considered explicitly. 
The above formula for A is found to be valid only if exchange terms are neglected and if the ab. 
sorption lines v(A.C.) of the atom-core are large compared to those »(V.E.) representing 
transitions of the valence electron. The calculation enables one to determine the “perturba- 
tions,” i.e., deviations from the formula, when there is close resonance between v(A.C.) and 
v(V.E.). The theory is applied to the 3smf*F series of Al II, which Langer, Shenstone, and Rus- 
sell have noted is perturbed by a 3p3d °F term. The widening of the multiplets in the vicinity 
of the perturbation is caused by a partial robbing of the intruders wide structure, and can be 
calculated from the observed displacement of the multiplet centroids from hydrogenic values. 
The calculated over-all widths for the successive members are 5.1, 10.8, 37.2, (58.2 for intruding 
3p3d), 20.8, 7.3, 3.7, .. . against observed 4.9, 12.3, 40.4, (58.1), 17.8, 5.7, 2.4. The discrepancies 
may be diminished by the further consideration of higher order approximations. 


21. A theorem on spectroscopic stability. R. M. LANGER, University of Minnesota.— 
Recent spectroscopic observations, especially some of the rare gas spectra (e.g., E. Rasmussen, 
Zeits. f. Physik 75, 695, 1932) bring out symmetries in the oscillations of the term values of 
similar series. They suggest a connection between the departures of related terms from Ritz 
formulae. In fact such a connection can be deduced theoretically. The rare gas series exemplify 
one of several possible types of behavior. The usual calculations of energy levels assuming 
separate configurations lead to multiplet separations and smooth series which often disagree 
with experimental data. Since these incomplete solutions for discrete spectra differ from the cor- 
rect ones by a unitary transformation the sum of the energies of mutually perturbing con- 
figurations is correctly given by the incomplete solutions. This leads to the very useful theorem 
that the displacements of interacting levels from their expected positions on smooth series 
curves must add up to zero. The power of this stability theorem depends on narrowing down the 
set of levels under consideration. It will help in estimating certain large displacements of terms 
in series which are not well marked and will also help calculate constants for irregular series. 
Probably the most helpful application of the theorem will be the criterion it gives for deciding 
whether one has all of the set of levels which are affecting one another. The important but diffi- 
cult case of continuous spectra has not been considered. 


22. The escape of imprisoned resonance radiation from a gas. Car. Kenty, General 
Electric Vapor Lamp Co. Hoboken, N. J.—Theoretical considerations lead to the view that a 
large concentration of resonance quanta diffusing through a gas would, on the basis of Doppler 
broadening only, give rise to a distribution function for excited atoms, with respect to atomic 
speed, which would lie between two limiting distribution functions: (1) Maxwell's distribution 


function, namely 
f(S)dS = [4/(x)/?](S2/w5) exp — (S?/w)dS 


where S is the speed of an atom and w is the most probable speed; and (2) a distribution func- 
tion expressing a lower relative excitation of the high speed atoms, namely 


falS) dS = 2(S/w*) exp — (S?/w*)dS. 


On the basis of either (1) or (2) the diffusion coefficient as well as the average square free path 
are found to be infinite provided the volume of gas is infinite; otherwise, the apparent values of 
these quantities will depend on the volume, increasing therewith without limit because of the 
importance of extremely long free paths. Coupling or other broadening occuring at higher pres- 
sures will presumably accentuate the effect of abnormally long free paths. The results are in 
qualitative agreement with imprisonment experiments of Zemansky and of Webb and Mes- 
senger, in Hg, and with the experiments of Found and Langmuir and of Kenty in Ne (in print). 


23. Yield of fluorescent x-rays from the K shells of various elements. DoNALD K. BERKEY, 
University of Cincinnati.—The fluorescent yield w from the K shells of an aggregate of atoms is 
defined as the ratio of the number of characteristic K quanta emitted to the number of quanta 
photoelectrically absorbed in the K shells. The author has measured this ratio by comparing 
the total intensities of the primary and fluorescent rays from various substances, using the 
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ionization method devised by A. H. Compton (Phil. Mag. 7, 961, 1929). The following results 
were obtained: 


Element w Element w 
27 Cobalt 0.38 42 Molybdenum 0.78 
28 Nickel 0.39 47 Silver 0.73 
29 Copper 0.43 48 Cadmium 0.72 
30 Zine 0.46 50 Tin 0.67 
33 Arsenic 0.53 51 Antimony 0.64 
34 Selenium 0.56 52 Tellurium 0.60 
38 Strontium 0.72 


These results show that the fluorescent yield increases to a maximum for elements in the neigh- 
borhood of molybdenum, beyond which it decreases. It is planned to continue this investigation 
for elements of higher atomic number than tellurium. 


24. Fine structure in the x-ray K absorption edge of calcium in compounds. VoLa P. 
Barton, Goucher College, and Geo. A. Linpsay, University of Michigan.—The fine structure of 
the Ca K edge has been examined in several calcium compounds. A quartz crystal was used 
and the calcium compound was ground to a fine powder and suspended in a collodion film for 
an absorbing screen. In cases where the calcium compound could be used as reflecting crystal 
and at the same time as absorber, the results were found to be the same as with screens. Calcite 
and aragonite, the same chemically, show markedly different fine structure, thus indicating 
that not the chemical compound, but rather the crystal form, is the determining factor. This is 
in accordance with Kronig’s theory. Dolomite, Ca Mg(COs)2, and ankerite, (Ca, Mg, Fe)CO3 
have the same crystalline form as calcite, and show the same fine structure for Ca, but the ap- 
pearance for Fe in ankerite is different. This is not so satisfactory for the theory, for the iron 
and calcium atoms are similarly placed in the same crystal, and the ejected electron in passing 
through the crystal should experience the same variation in potential. 


25. Further experiments on x-ray reflections from quartz crystals oscillating piezo- 
electrically. J. M. Cork, University of Michigan.—By both the Bragg method and the Laue 
method, quartz crystals at rest and oscillating piezoelectrically have been further studied. Start- 
ing with a relatively thick crystal and using a finely collimated x-ray beam the structure of the 
Laue spots could be readily observed. For oscillating crystals and also for polished crystals at 
rest the spots are double in structure. Etching the crystal with H FI results in single spots for 
the non-oscillating crystal. The perfection of the surface is revealed by observing line breadth 
and intensity when the crystal is employed in a Siegbahn vacuum spectrograph at a wave- 
length of 5.5A; and for short x-ray wave-lengths on a Bragg spectrometer of 55 cm radius. In no 
case was line breadth or intensity sensibly altered by piezoelectric oscillation of the crystal. 
Results obtained are compatible with the elastic vibrational theory already proposed, (Fox and 
Cork. Phys. Rev. 38, 1420 (1931) ). 


26. X-ray wave-lengths by ruled grating. R. B. WiTMER AND J. M. Cork, University of 
Michigan.—With a ruled glass grating, measurements have been made of the wave-lengths in 
the L series emission spectra for elements from Ti (22) to Zn (30); and in the K series for ele- 
ments from C (6) to Si (14). The grating employed (whose constant was d =0.00166309 mm) was 
ruled by Siegbahn on his new machine and gave excellent reflections. The experimental ar- 
rangement was identical with that employed in the precision determination of the L series 
wave-lengths of molybdenum (Cork, Phys. Rev. 35, 1456, (1930)). This method has the im- 
portant advantage that for the complete series of plates the position of the grating is in no way 
altered. The results obtained for the shorter wave-length lines are greater by about 0.3 percent 
than the corresponding wave-length measurements obtained by the crystal method. Crystals 
that have been employed for the longer wave-length range are mica, sugar, and palmitic acid. 
The individual results obtained with these crystals are shown to be so eratic that a comparison 
with the results obtained with the grating method is meaningless. The change in the relative 
intensity and the form of the a line with change in atomic number is shown. Additional data 
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using different incident grazing angles are being taken to observe any possible variation in 
wave-length with angle of incidence. (Prins and Hanawalt, Nederlandsch Tijdschrift voor 
Naturkunde 12, 1 and 15, 1932). 


27. Additional theory of plane gratings for x-rays. Roy C. SPENCER, University of Nebraska. 
The positions of the diffracted virtual images of a source as seen in a plane grating placed 
at a distance L are given by L’ =L sin? @,'sin? i where 7 and @ are the grazing angles of incidence 
and diffraction. For use with x-rays the incident beam is confined between two equal slits of 
width S distant L apart with the grating close to the second slit. The diffracted beam produced 
backwards appears to be confined between two slits of width S’ and distance L’ apart where 
S’=S sin @/sin i and L’ has the value given above. The intensity of a cross section of the dif- 
fracted beam is a trapezoid, the constant part having a width S’ and each side an angular width 
S’/L’. The former varies directly as sin 0, while the latter varies inversely. Assuming a parallel 
beam, the angle between the maximum and the first diffraction minimum is \/S’. The ratio of 
this diffraction width to the geometrical side width is \L’/.S’?=\L/S?, a constant of the slit 
system. This should not exceed unity. The combined effect of geometric and diffraction widths 
may be studied using a sodium flame and two slits. 


28. The gamma-ray spectrometer. M. C. HENDERSON, Yale University—The method 
first used by Rutherford and Andrade (Phil. Mag. 27, 854, 1914; 28, 263 (1914)) to measure 
the wave-lengths of the radium gamma-rays and later adapted by Steadman (Phys. Rev. 36, 
460 (1930) ) to the Geiger point counter has been improved and some preliminary results ob- 
tained. The Geiger-M iiller tube counter has been adopted as the detector. It has proved easily 
possible to resolve and measure the 20 and 35 x.u. radium B and C gamma-rays. With 30 mg of 
radium, the 35 x.u. line causes 4.7 discharges per minute out of a total of 16.5. Al! counting is 
automatic and runs 24 hours a day. The resolving power is low but it will be possible to re- 
solve lines about 5 x.u. apart without further changes in the apparatus. The lower limit of wave- 
length that can be measured without disturbance from the central beam is about 20 x.u. The 
interrelated effects of source thickness, slit width, crystal setting and slit setting upon the theo- 
retical gamma-ray intensity transmitted through the slit can be plotted as a series of three- 
dimensional models, which will be shown. The method of coincidences, so successfully applied 
to cosmic rays, has been tried to record gamma-rays, with encouraging results and it is being 
further developed. Steadman’s results (loc. cit.) are not confirmed. 


29. The threshold counting voltage of the Geiger-Miiller tube and some related pheno- 
mena. LD). Cooksey AND M. C. HENDERSON, Yale University.—The voltage at which a Geiger- 
Miiller tube begins to count is determinable to 0.1 percent. The dependence of this threshold 
voltage upon chamber and wire dimensions, material and nature of the surfaces, temperature 
of the wire, and pressure and kind of gas has been investigated. It is found that the threshold 
voltage for proper counting is independent of the wire and wall materials. For any chosen pres- 
sure and wire size the threshold voltage so varies with the chamber diameter that the field at 
the surface of the wire remains constant. This threshold field depends on the gas and its pres- 
sure, passing thru a minimum at low pressures in a similar manner to the sparking potential. 
Knowing the threshold field, the formula: field =voltage/(a log b/a), where a and 6b are the 
radii of the wire and chamber respectively, enables the counting voltage to be calculated for any 
desired dimensions and gas pressure. For small wires, less than 0.075 mm diameter, the thresh- 
old field is inversely proportional to the diameter but diminishes less rapidly than this for 
larger wires. Raising the temperature of the wire while counting lowers the threshold voltage. 
One iron wire continued to count in air up toa dull red, above which temperature spurious dis- 
charges masked the proper counts. 


30. New determinations of the ranges of a-particles from polonium, uranium I and uranium 
Il. F. N. D. Kurire, Yale University—The cloud chamber method described by the author in 
the abstracts of the New Orleans meeting (1931) has been used to determine the ranges of 
a-particles from polonium, uranium I and uranium II. The experiments on polonium were un- 
dertaken to test the method, but the results are in such good accord with previous values that 
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they may stand alone. The range of polonium a particles at 0°C and 760 mm pressure is 3.690 
+0.005 cm. A graphical method has been devised for separating the number-distance curves of 
the two uraniums, which consists in plotting the data on probability paper. The plot then be- 
comes three intersecting straight lines, the midpoint of the short connecting line giving the 
relative proportions of the two kinds of particles. The ranges of the uranium particles at 0°C 
and 760 mm pressure are respectively: Ry 1=2.58+0.015 cm, Ry 1: =3.11+0.01 cm. The polo- 
nium range is derived from 335 tracks, the uranium ranges from 594 tracks. The uranium ranges 
are in complete agreement with the results of Laurence (Phil. Mag. 5, 1027 (1928)), got by 
methods more likely to be in error than those used here. 


31. Generalization of wave mechanics suggested by higher order terms in the classical 
electrodynamic equation of motion, and its influence on s-particles ionization for velocities ap- 
proaching that of light. W. F. G. Swann anp A. Bramiery, Bartol Research Foundation of 
The Franklin Institute-—Classical electrodynamics gives, for small velocities, an equation of 
electronic motion of the form 


, - H 
oe a ren ee | (1) 
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where a is the classical electronic radius. In the present paper, the equation is solved and for the 
cases which are relevant gives rise to 
: | HT | 
——x=E+ 
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+ f(D)E (2) 


where f(D) is a determined function of the operator d ‘dt. We now build a Schroedinger equa- 
tion for ¥ with the right-hand side of (2), replacing E+|uJ/]/c as used in the ordinary develop- 
ments, but with d ‘dt replaced by 0, dt, which for the field of a high-energy 8 particle of velocity 
v becomes —vA. The perturbation, instead of involving only the scalar and vector potentials 
¢, and U, which can be expressed in terms of it, involves also a series of spatial derivatives of ¢. 
Application to the ionization of an atom gives for g the number of ions per centimeter of path, 
an expression which, with increasing 8-particle energy, first diminishes, then increases, and 
finally diminishes towards zero. The first decrease followed by increase corresponds to the con- 
clusions of Oppenheimer, as yet apparently unpublished. The final decrease comes from the new 
features introduced. It predicts a decrease of ionization for 8-particle energies greater than 
about 10° volts. 


32. Aninterpretation of cosmic-ray phenomena. THomas H. Jounson, The Bartol Research 
Foundation of the Franklin Institute, Swarthmore, Pa.—Schindler’s measurements form the 
basis for a more specific theory of the process of ionization by cosmic rays than had hitherto 
been possible. To explain his data the following assumptions are made. (1) The primary rays 
contribute nothing per se to the ionization but produce secondary rays such as electrons and 
protons from the material through which they pass, the production coefficient 8,, being a char- 
acteristic of the medium. (2) The absorption of the primary rays can be represented by a single 
exponential function with a coefficient v,, characteristic of the medium. (3) The absorption of 
the secondaries can be represented by an exponential function, with a coefficient »." which is 
characteristic of both the absorbing medium m and the medium m in which the secondary ray 
was produced. The ionization at distance x behind the interface nm is given by 

ABm 


m n 
[= ——<$_+(e"n* — o *"*) + Be. 
Mm" — Ym 


The constants have been determined to bring agreement with the data in the case of the 
air to lead, air toiron, iron to lead, and lead to iron transitions. The absorption coefficients of the 
secondary rays determined in this way agree with the energies measured by Millikan and An- 
derson. The relation of these ideas to other experiments is also discussed. 
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33. Study of getter action of phosphorus. Hrnry J. MILLER, Emporium, Pa.-The clean-up 
of commercial 50 watt 230 volt vacuum incandescent lamps by phosphorus has been investi- 
gated and compared with the clean-up in lamps of the same type evacuated by laboratory 
methods by means of a third external electrode measuring the ratio of positive ions to electrons 
flowing to this electrode while the filament voltage is gradually raised from zero to a value 
somewhat above normal rating. The clean-up initiated by the thermionic current flowing be- 
tween filament terminals progresses with maximum efficiency at filament potentials which, for 
lamps with getters, agree with the volt value of maximum ionization efficiency of 150 volts 
found by Mayer for air and nitrogen (Ann. d. Physik 45, 1 (1914)). Commercial lamps without 
getters do not clean up. Lamps without getters evacuated by laboratory methods clean up but 
at higher potentials than the corresponding lamps with getters (175 to 200 volts). The clean-up 
curves of lamps with getters and without getters suggest the interpretation of the observed 
clean-up as “chain-reaction” according to Bodenstein. (Preuss. Akad. Wiss. Phys. Math. Kl. 
1928, p. 490). 


34. The Kerr electro-optical effect in carbon dioxide. C. W. Bruce, University of Vir- 
ginta, (Introduced by J. W. Beams).—Measurements have been made on the variation with 
density of the Kerr electro-optical effect in CO, using a method similar to that of Stevenson and 
Beams (Phys. Rev. 38, 133 (1931)). The measures were taken at a constant temperature of 
34.6°C. The density was varied from 0.05 to 0.288 gm/‘cc and was computed from pressure 
readings by use of Amagat’s data. The results of Stevenson and Beams were confirmed for the 
range (0.08—0.18) over which they worked. A comparison made between the variation of the 
Kerr constant as determined experimentally and as computed from the relation B x |(n?+2)? 
(e+2)?]/n, taken from the Langevin-Born theory, shows good agreement. The data for the 
index of refraction used in the above relation were that of Phillips (Proc. Roy. Soc. A97, 225 
(1920)), and for the dielectric constant was that of Keyes and Kirkwood (Phys. Rev. 26, 754 
(1930)). 


35. The initiation of electrical discharges in effectively ion free gases. J. \V. BeAMs AND 
Joun W. Flowers, University of Virginia.—A study is made of the factors that initiate the 
discharges described by Street and Beams (Phys. Rev. 38, 416 (1931)). In carefully dried and 
filtered gases (air, hydrogen, nitrogen, helium) at atmospheric pressure, it is possible to apply 
5 X 10° volts per cm between spherical brass electrodes for 10~* sec. without electrical break- 
down, provided the gas is kept “swept” as free as possible of ions by auxiliary fields. However, 
when ultraviolet light falls upon the cathode a field of 4 10* volts per cm starts the discharge 
in less than 10~‘sec. The maximum field depends upon the conditions of the surface of the 
electrodes and is of the same order of magnitude as that required to produce breakdown in a 
vacuum, which is known to be started bw field currents from the cathode (Wood, Phys. Rev. 
5, 1 (1897); Hull and Burger, Phys. Rev. 31, 1121 (1928); Snoddy, Phys. Rev. 37, 1678 (1931)). 
When a steel point and plane were substituted for the brass spheres in the above experiment 
the field at the surface of the point could be made at least 107 volts per cm for 10~¢ sec. without 
breakdown if the point was positive. However, breakdown started in less than 10~ sec. if the 
point was made the cathode and the field raised to only 10° volts per cm. In a vacuum fields of 
8 X 107 volts per cm were applied to the pointed steel or tungsten anode for 10~* sec. without 
breakdown. Similar results were obtained with gaseous pressures less than 0.01 mm. 


36. Ionization of helium, neon and argon under impact of their own positive ions. 
CHARLES J. BRASEFIELD, Yale University——The number of electrons liberated from neutral 
rare gas atoms under impact of their own positive ions was measured as a function of the kinetic 
energy of the ions. It was found that helium was ionized at 100 equivalent volts; neon at 90 and 
130 volts; and argon at 55 and 95 volts. It is thought that the higher ionizing potentials in the 
case of neon and argon are the result of impacts of doubly charged ions. The error in these meas- 
urements is hard to estimate but is thought to be within +10 volts. If we assume (1) that half 
of the kinetic energy of the impacting ion is available for ionization and (2) that the energy 
required to liberate an electron is approximately the sum of the energies necessary to liberate it 
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separately from its own core and from that of the impacting ion, we might expect ionization of 
the rare gases under impact of their own positive ions to occur at approximately the following 
values: in helium at 98 volts, in neon at 86 and 125 volts and in argon at 63 and 87 volts. 


37. New devices for recording Kennelly-Heaviside layer reflections. Harry R. Mimno 
AND P. H. WanG, Harvard University —Two new pieces of apparatus for layer height measure- 
ment have been built and tested. The first devi.e is merely an improved form of the “long film” 
type of oscillograph, ordinarily used in pulse transmission experiments. In order to increase the 
resolving power without wasting or tearing the photographic paper tape, the oscillograph has 
been constructed with a magnetic clutch, shock absorber, and magnetic brake. The second 
device is a high speed chronograph, designed to give an accurate record of layer heights over an 
extended period of time. A complete history of the reflections produced by 2000 successive 
pulses is recorded in compact form on a strip of photographic paper, 90 cm long and 12 cm wide. 
The time scale may be varied from 5 minutes to 24 hours. The received pulses modulate a glow 
lamp, producing a small, sharply-defined dot on the moving paper. The resolving power appears 
to be somewhat better than that obtained with the best galvanometer oscillographs. A cathode- 
ray oscillograph is used to monitor the reception. The high speed chronograph has other applica- 
tions, outside of the radio transmission field. 


38. A new type of vacuum or circulating pump. E. L. HArrinGton, University of Saskatche- 
wan.—A new type of vacuum or circulating pump employing a helical tube made to rotate 
about the axis of the helix is described. Its action depends on a pumping liquid which fills the 
lower bends of the helix and crowds out the gas being pumped as the helix is rotated. There is a 
provision for the return of the pumping liquid to the first coil of the helix as the latter continues 
to rotate. The liquid may be chosen to suit the work at hand. Among the advantages claimed for 
the pump are the following: mercury vapour is not employed, heating and cooling elements are 
not required, adapted equally well to corrosive and non-corrosive gases, vapors and liquids, 
constant personal attention is not needed, it may be started or stopped instantly without the 
use of stop-cocks, and its action is reversible. 


39. The form of potential barrier at the surfaces of conductors. A. T. WATERMAN, Yale 
University.—The method of treatment described by the writer (Phys. Rev. 38, 1497-1505 
(1931)) has been used to investigate the form of potential barrier inside as well as outside the 
surface of a conductor in equilibrium with its electron atmosphere, assuming continuity of 
potential and electric intensity at the boundary. The results indicate that there is a sharp rise 
in the barrier of about 4 or 5 volts within a distance of several Angstrom units in the immediate 
neighborhood of the surface (assumed plane), about one fifth of the rise occurring inside the 
conductor. The rest of the potential curve rises more gradually. Similar treatment for the form 
of barrier between plane parallel electrodes shows this to consist of a potential “plateau.” 
To be consistent with contact potential as defined by the Kelvin experiment, on bringing the 
electrodes together there is a flow of electrons into the less electropositive metal, the potential 
barrier becomes a “hill” of decreasing height, until it disappears in a point of inflection at con- 
tact. Similarly the potential “trough” within a thin conducting film flattens out and disappears 
as the thickness of the film approaches zero. The case of a thin film deposited on base metal is 
difficult to so!ve, but gives promise of accounting for some of the peculiarities observed in such 
cases. 


40. The caesium-oxygen-silver photoelectric cell. C.H.PRescort, Jk. AND M. J. KEeLty, 
Bell Telephone Laboratories Inc.—The active cathode surface of the caesium-oxygen-silver pho- 
toelectric cell appears to be a film or surface concentration of caesium of atomic dimensions 
adsorbed upon a matrix of caesium oxide and silver containing free caesium and a small am sunt 
of silver oxide. The spectral characteristics of the photoelectric response depend largely upon 
the thickness of the surface film of free caesium. This film thickness is determined by the cae- 
sium concentration in the underlying matrix and is maintained by a diffusion equilibrium. 
Variations in the amount of caesium upon the surface were made either by exposing the 
standard finished cathode to small amounts of oxygen and allowing the response to recover 
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by diffusion of free caesium from the underlying material, or else by allowing small amounts of 
additional caesium to deposit upon the standard surface. With increasing thickness of the 
caesium surface film the characteristics of the spectral response appear to vary continuously 
from a low response (with amounts of surface caesium far below the normal) which decreases 
with wave-length (from 6000A to 10,000A) to a high response for the normal surface with a 
selective maximum at 7500A—8000A, and finally to a low response with a maximum ap- 
proaching 6000A. 


41. Some photovoltaic properties of Cu:Cu.O Pb(NO,). solution’ Cu:Cu.O photocells. 
WiLtbeur E, MrEsERVE, Cornell University (Introduced by Ernest Merritt).—The light sensitive 
electrodes were prepared by chemical methods which produce a uniform coating of copper oxide 
of any desired thickness. Two identical electrodes were placed in a 1 percent solution of Pb(NQOs)2, 
the back of the light exposed electrode being insulated from the electrolyte. Measurements were 
made of the photo-e.m.f. produced by the cell when illuminated by sinusoidally interrupted light 
of variable frequency. By impressing the output of the cell on a resistance coupled amplifier of 
proper design, which takes no current from the cell and thus reduces polarization and internal 
chemical changes to a minimum, the frequency response was determined with the use of the 
stabilized cathode-ray “oscilloscope.” The spectral sensitivity of the cells was determined with 
sinusoidally interrupted light from a monochromator and checks with that which has been 
determined with steady illumination. The angle of phase shift of the photo-e.m.f. with respect 
to the interrupted light was also measured and was found to first increase and then decrease 
with frequency, the maximum angle occurring at about 500 cycles. The internal capacity of the 
cell as an electrolytic condenser was found to nearly double when one electrode was illuminated 
by strong sunlight. 


42. The isotopic weight and packing fraction of H*. kK. T. BatnpripGre, Bartol Research 
Foundation.—The mass of neutral H? is 2.01353 +0.000064 obtained from comparison of the 
mass of (H'H'H?*)* with He* on fourteen spectra secured with the mass-spectrograph recently 
described. The eqivalent packing fraction of H? is 67.6. On the assumption that the nucleus 
is composed of two protons and one electron the energy of binding is approximately 2X 10° 
electron-volts but if the H*® nucleus is made up of one proton and one Chadwick neutron then 
the binding energy of these two particles is 9.5 X10° electron volts. (3H')* and He* provided 
the dispersion measurements for these spectra and the presence of (H'H?)* can only introduce 
a negligible correction. Lines of mass 4.0285 on the spectra were attributed to (H'H'H?) ions 
because (1) no lines of comparable intensity appeared in this position when commercial 
hydrogen was used, (2) under the conditions existing in the discharge tube the probability 
of formation of (2H?)* was much less than for (H'H'H?)*, (3) the mass is less than the mass of 
(4H')* by an amount outside of the limit of error. The two enriched samples of hydrogen 
used were prepared by Brickwedde, both had been tested spectroscopically by Urey and 
Murphy and one was a sample of Bleakney’s. 


43. The isotopes of uranium. T. B. WILKINS AND W.M. Rayton, University of Rochester. 
—The existence of an isotope of uranium (AcU;) of shorter life than U; as the parent of the 
actinium series was predicted in 1926 (Wilkins, Nature 117, 719 (1926) ). An alpha-ray range 
of 3.2 cm and period 2.5 X 108 yrs., then assigned, were confirmed by Rutherford’s interpreta- 
tion of Aston’s mass-spectrogram of lead. (Nature 313, 1929.) A mass-spectrogram of uranium 
failed to reveal even U;;. In the present work the alpha-rays from a thin sputtered film of 
uranium fell on a special photographic emulsion. The number of grains in individual tracks 
was counted. Two main peaks are indicated in the frequency curve at 9 and 11 grains and 
clearly marked humps at 13 and 16. The peak at 11 is slightly higher than at 9. Polonium gave 
a smooth curve with peak at 13. Hence Laurence’s ranges of Uy and U7; are confirmed (Phil. 
Mag. 5, 1027 (1928) ), but two and possibly three additional isotopes of a less active series are 
indicated. The study of the relative activities of these two series may lead toa simpler method of 
determining the ages of rocks. 
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Nos. 44 to 47 are abstracts of invited papers which made up a sympo- 
sium on x-rays. 





44. The spectrum of scattered radiation. J. A. Gray, Queen's University.—It is gener- 
ally assumed that, when homogeneous x-rays are scattered through an angle @, the modified 
band has both an average wave-length and a wave-length of maximum intensity given by the 
equation 

A» = A+ h/mc(l-cos@) ........ (1) 


So that if \+6\ =average wave-length of scattered rays 
b\ = (R/R + 1)-h/me (1-cos 6) 
— (R/R+1) X 0.0243 (1-cos 0) A. 


where R =ratio of integrated intensity of modified band to that of the unmodified line. 

I have carried out experiments at different times since 1913 to obtain values of \+6A, but 
always with heterogeneous rays. A brief description of the method follows. The primary rays 
passed through two slits and fell on the radiator, the scattered rays passing through a second 
set of slits into an ionization chamber where their intensity was measured. Three readings were 
taken, the first with no absorber, the second with an absorber in the path of the primary 
rays, position A say, and the third with an absorber in the path of the scattered rays in position 
B say. It is essential that the ratio of the two last readings should be determined as accurately 
as possible. This ratio will be called 4/B. 

An analysis of some results obtained in 1922 is given in Table I, the average value of @ 
being 7/2. 











TABLE I. 

Abs. A/B P ad u/p u'/p r 5X 
0.304 1.13 0.327 0.289 3.68 4.08 0.63 0.023 
0.608 1.24 0.152 0.123 3.09 3.44 0.59 0.022 
0.912 1.32 0.079 0.0598 2.79 3.09 0.57 0.021 
1.216 1.40 0.043 0.0307 2 


.59 2.86 0.56 0.020 











The first column gives the mass of the aluminum absorber in g/cm*. When the absorber is 
placed at A, the ionization is P times as great as it is with no absorber; when placed at B, P’ 
times as great. From P and P’ the values of u/p and yp’ p are obtained. From y/p, \ is obtained 
from tables. It is given to two figures. 6\ is obtained from relative values of u/p and y’/p’ by 
assuming that u/p varies as \°. 

It will be seen that 5d is less than 0.024A, the value it should apparently have if all the 
scattered radiation is modified. 

The radiator was paraffin wax, 1 inch square in cross section. Assuming a value of R=8, 
6d should be of the order 0.021A, if the primary rays are homogeneous. As the table shows 
these rays are not homogeneous. The effect of using heterogeneous rays is shown in Table II. A 
primary beam has been assumed to consist of rays of wave-lengths 0.4, 0.5, 0.6, 0.7, 0.8 and 
1A respectively, the scattered rays (@=7/2), having wave-lengths 0.424, 0.524 etc. and relative 
intensities 0.05, 0.20, 0.25, 0.25, 0.20,and 0.05 respectively. This assumed beam has similar 
properties (absorption coefficients) to the one with which the results of Table I were obtained. 





TABLE IT. 
Abs. A/B——s~&PP he d dA 
0.304 1.11 0.318 0.286 3.77 0.63 0.020 
0.608 1.20 0.138 0.115 3.23 0.60 0.020 
0.912 ) Pe 0.0693 0.0543 2.92 0.58 0.019 
? 


1.216 ER 0.0380 


0.0282 “69 0.56 0.018 


It will be noticed that 5 decreases as the thickness of the absorber is increased. A compar- 
ison of the figures in the two tables indicates that 5\ for homogeneous rays of wave-length 0.6A 
is about 0.026A for the radiator used, and, if we assume R =8, that the average wave-length of 
the modified rays is 0.029A greater than \ and not 0.024A, the value given by Eq. (1). 








398 AMERICAN PHYSICAL SOCIETY 


In later experiments, | have attempted to see if 5\ varied with the thickness of the radiator, 
using heterogeneous rays. One set of results is given in Table III. 


TABLE IIT. 


’ Abs. ; Radiator A/B P Pp 





0.303 1 sheet 1.20 0.220 0.183 5.00 0.7 0.028 
0.303 2 sheets 1.18 0.220 0.187 5.00 0.7 0.025 
5 7 0.023 


12 sheets 


0.303 1.16 0.220 0.190 5.00 0. 





The radiator consisted of sheets of filter paper soaked in paraffin wax, the mass of the 
former being 0.07 g/cm? and of the latter 0.10 g /cm?. For @=7/6, 4/B was found to be equal 
to 1.01, 

The variation of 5\ with thickness of absorber is again shown in Table LV, the radiator be- 
ing one sheet of waxed filter paper. 


TABLE IV. 
Abs. A/B P Pp’ r rN 
0.067 1.07 0.538 0.503 0.86 0.032 
0.134 1.14 0.330 0.293 0.80 0.030 


0.268 1.18 0.250 0.216 0.70 0.026 





It will be noted that 5\ decreases as the thickness of the radiator and of the absorbing 
material increases. It is concluded that a thorough spectroscopic examination, both photo- 
graphic and electrical, must be made of the radiation scattered by thin radiators. It is recom- 
mended that all such measurements should be verified by the above absorption method, and 
that this method be applied to gases, particularly hydrogen, helium and other rare gases, the 
two former as they give us the nearest approximation to free electrons. It is also of great im- 
portance to determine the ratio RX accurately. 


45. X-ray evidence for high electron momenta in atoms and in solid bodies. J. W. M° 
DuMonp, California Institute of Technology.—The work of the author in collaboration with 
H. A. Kirkpatrick, furnishes evidence for the interpretation of the breadth and structure of the 
modified line in the spectrum of scattered x-rays as a Doppler broadening caused by the 
momenta of the electrons in the scattering body. A test of the correctness of this interpretation 
was made by studying the variation in the shifted line breadth at half maximum as a function 
of the primary wave-length and also as a function of the scattering angle. The behavior of the 
shifted line breadth with both these variables is shown to be entirely consistent with the 
doppler interpretation of its origin. Very sharply defined homogeneous scattering angles could 
be obtained thanks to the geometry of the multicrystal spectrograph used in this work. The 
wave-lengths tested covered a range from 700 x.v. to 200 x.v. The Doppler interpretation of the 
broadening of the shifted line is shown to be in good accord with quantum mechanics. The 
profile of the Compton line can be interpreted as a distribution curve expressing the relative 
probability of scattering by electrons of component momentum, px, resolved along on axis, x, 
which very nearly bisects the angle formed by the incident and scattered beams of radiation. 
The distribution of electrons in linear momentum has been obtained by this method for carbon 
and beryllium scatterers and appears to be entirely consistent with the distribution to be ex- 
pected quantum-mechanically as computed from formulae of Pauling and Podolsky for hydro- 
genic momentum distributions. The application of these hydrogenic distributions by the intro- 
duction of screening factors gives of course only a rough approximation to the momentum dis- 
tribution in the free carbon atom. It gives nevertheless a distribution curve very similar to that 
deduced from the experiment save that the maximum of the curve occurs at somewhat lower 
momenta in the theoretical curve for the free carbon atom than in the experimental curve for a 
solid carbon scatterer. This is exactly what is to be expected since in solid carbon the proximity 
of neighboring atoms requires higher momenta of the outer electrons than they would possess 
in a free atom. 
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46. Status of x-ray wave-lengths. J. A. BEARDEN, The Johns Hopkins University —The 
determination of x-ray wave-lengths by crystal gratings requires a knowledge of the constancy 
of the grating constant of crystals from various sources, and as precise a determination of this 
constant as is possible. Recent measurements (Phys. Rev. 38, 3089, (1931)) have shown that 
the grating constant of calcite crystals from various sources varies less than 1 part in 200,000. 
The average true value of the grating constant was found to be d=3.02810A at 18°C, and the 
effective value for the first order diffraction d; =3.02769A. 

The most precise methods of measuring the diffraction angles appear to be the photo- 
graphic and double crystal spectrometers. For true symmetrical lines it can be shown that the 
two methods should give results of the same order of precision. In the case of asymmetrical 
lines the double crystal method has a distinct advantage in that measurements can be made on 
the peak of the lines, or from the shape of the lines corrections can be applied to take into ac- 
count the close components. The importance of measuring x-ray wave-lengths by the double 
crystal method is shown by the results obtained on the K series of copper and iron where most 
of the lines are asymmetrical. 

Since the ruled grating measurements of x-ray wave-lengths are about 0.25 percent higher 
than the crystal values it is important to know which value is correct. Studies of the diffraction 
by ruled grating when used for measuring x-ray wave-lengths have as yet given no explanation 
of the observed difference. However, the following facts appear to support the crystal value 
rather than the ruled grating results. (1) Allison (Am. Phys. Soc. Washington 1932) has ex- 
amined calcite crystals which gave the theoretical rocking curve width and diffracted intensity 
for a perfect crystal. (2) Tu (Phys. Rev. 40, 662 (1932)) finds no evidence for mosaic structure. 
(3) The agreement between Planck's constant / determined by the limit of the continuous x-ray 
spectrum and other methods. (4) Inconsistency of fundamental constants if the grating wave- 
lengths were accepted as absolute. (5) Dispersion of x-rays. 


47. Fine structure in x-ray absorption spectra. J. D. HANAWaALT, The Dow Chemical Co., 
Midland, Mich.—The fine structure in x-ray absorption spectra which extends over a region of 
several hundred volts to the short wave-length side of the principal absorption edges of many 
elements has been explained in terms of the simultaneous transitions of two or more electrons 
due to the absorption of a single quantum. However, this interpretation is not consistent with 
the experimental facts which are brought out by a study of the effects of the physical and 
chemical state of the absorbing atom on the fine structure, and by a study of the effect of tem- 
peratures changes on the fine structure. These facts are: (1). The fine structure of a polyatomic 
vapor and of the same material in the solid state are usually similar, though the solid exhibits 
an additional structure not seen in the vapor spectrum. (2) The fine structure of a polyatomic 
vapor may differ from that of the solid. (3) Fine structure of more than a few volts separation 
from the main edge is not observed for any monatomic vapor. It is important to note that the 
structure which is exhibited by monatomic vapors if of such small energy value as to be satis- 
factorily explained by the Kossel theory of the transitions of the ejected electrons to various 
of the virtual orbits of the atom. (4) Fine structure is not observed in the spectra of the poly- 
atomic vapors Ses and AsH3. (5) The fine structure exhibited by Hg in HgCl, in solid and in 
vapor forms has the same energy separations from the principal edges in both its Zin and its 
Ly spectra. (6) An element in different chemical compounds may show different types of fine 
structure. (7) In the series As, AsCls, As2O;, As.O;, AsH; the principal edge has the same wave- 
length for the vapors, while there are shifts of 5.5 + 1.5 volts for the solids. (8) The fine structure 
in the K absorption spectra of Fe becomes fainter as the temperature is raised and at 800°C 
has almost entirely vanished. (9) There is a shift of the fine structure discontinuities in the di- 
rection of longer wave-lengths as the temperature is raised. For a change from 20°C to 800°C 
the magnitude of this shift is 5.0 +2 volts at a point 115 volts from the K edge. Statements 8 
and 9 are illustrated in Fig. 1. 

Kronig has shown that the principal experimental facts concerning fine structure may be 
understood from the theory of the quantum mechanics of electrons in crystal lattices. The 
theory shows that not every value of velocity is possible to the motion of electrons traveling 
through a crystal lattice, but rather that there exists an energy spectrum consisting of alter- 
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nating zones of permitted and forbidden energies. In the case of the isolated atom the electron 
is ejected from the atom and in addition might be given any value of kinetic energy. However, 
in a crystal lattice the x-ray quantum can only eject an electron from the atom and thereby be- 
come absorbed if it gives the electron such a value of kinetic energy as to bring it into one of the 
permitted energy zones. Thus one will expect variations in the absorption coefficient on the 
short wave-length side of the main edge related to this sequence of permitted and forbidden 
energy zones. Kronig shows that for a one-dimensional sequence of periodic potential barriers 
the forbidden levels fall together with the energy values IV", =n?h?/8ma?, where n takes integer 
values, / is Planck's constant, m is the electronic mass, and a is the distance between successive 
potential barriers. From this equation, if the lattice constant a increases through thermal ex- 
pansion the energy zones shift toward.the zero level. The magnitude of this shift for Fe agrees 
with that experimentally observed. Also, the greater distorsion of the periodicity in the lattice 
at high temperature causes a smearing of the sharp boundaries between permitted and for- 
bidden energy zones and so causes the vanishing of the fine structure. 
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Fig. 1. Microphotometer traces of the K absorption spectra of Fe. 
(a) 20°C, (b) 20°C, (c) 770°C, (d) 840°C. 


The reciprocal lattice constant squared form of the energy has since been verified in other 
ways. Lindsay has shown that the fine structure of K in the crystals KCI, KBr, and KI has the 
same character for each crystal but that the energy separations from the main edge of the cor- 
responding discontinuities in the three spectra are inversely proportional to the squares of the 
lattice constants. Coster and Veldkamp have demonstrated this same principle by a compar- 
ison of the F-C cubic metals Cu, Au, and Pt. They have also found by a study of a Au-Cu 
mixed crystal that the fine structure discontinuities of the Au Li; spectra have shifted to higher 
energies and the discontinuities of the Cu K spectra have shifted to lower energies by just such 
amounts that in the mixed crystal they have the same values. They have also shown many 
interesting facts concerning the intensity of the fine structure. 

Recently Kronig has extended his theoretical considerations by investigating in how far it 
is possible to relate the individual minima of the fine structure, similarly as the lines of an x-ray 
powder diagram, to the various reflections of the electrons on the lattice planes, and has shown 
that a decisive agreement between theory and experiment is not obtained in this way. 


Nos. 48 to 50 are abstracts of papers which made up a symposium on 
plasticity. 


48. On the problem of the solid state. F. Zwicky, California Institute of Technology.—A 
discussion will first be given of these particular questions which constitute the problem of the 
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solid state. One of the most characteristic phenomena exhibited by real crystals is a peculiar 
coexistence of perfection in certain respects and imperfection in others. This behavior of crystals 
may be traced back to the fact that the properties of crystals can roughly be divided into two 
groups, structure insensitive and structure sensitive, of which the latter group is responsible for 
hysteresis effects. 

The problem of the solid state essentially consists in understanding the coexistence of 
structure sensitive and structure insensitive properties. After it was realized that the theory 
of the ideal lattices had nothing to offer in the way of a rational explanation of these phenomena, 
two different attempts were made in order to arrive at a solution. 

The first attempt is based on the observation that in general crystals during their growth 
and existence are very severely affected by certain disturbing effects, such as thermal and 
mechanical stresses, liberation of dissolved gases, etc., which hinder the formation of ideal 
crystals. These facts suggest the assumption that all structure sensitive properties are due to 
accidental imperfections. Although this view has many points to recommend itself it cannot be 
regarded as a solution of the problem of the solid state. The main objection to the imperfection 
theory is that as we grow the crystals more and more carefully the less their structure sensitive 
properties conform with those which we derive from the theory of ideal crystal lattices. 

The second attempt is based on the observation that the physical properties which are 
peculiar to the crystalline state are extending over distances far greater than the effective action 
radii of individual atoms and molecules. They therefore suggest the existence of certain co- 
operative effects which are exhibited only if atoms and molecules are present in very great num- 
bers. With this observation in mind the author has undertaken a systematic study of co- 
operative phenomena whose physical origin is essentially related to forces depending on the 
distances as 1/r*, 1/r°, and 1/r‘ and also on the exclusion principle. Mathematically speaking we 
are confronted with the problem of conditionally convergent series. If we consider ideal crystals 
only, intrinsic equations of state for crystals can not exist, as the mentioned cooperative effects 
introduce effects of the boundaries, no matter how large the crystals are. For this and other 
reasons a secondary structure of crystals is tentatively introduced. The conception of the 
secondary structure resolves many of the difficulties encountered by the older theories. It also 
allows us to draw many new conclusions and to predict a great number of phenomena as yet 
unknown. Finally theoretical and experimental work which has been done so far on the second- 
ary structure will be discussed; special consideration will be given to the problems related to the 
mechanical and electrical strength of crystals. It also will be shown that the secondary struc- 
ture, if its exists, will necessitate a generalization of the classical theory of elasticity inasmuch as 
it renders insufficient the representation of strains and stresses by tensors. 


49. Magnetism and plasticity. Francis Bitrer, Westinghouse Research Laboratories» 
East Pittsburgh, Pa.—I\t is the purpose of this paper to show how the above phenomena may be 
used to throw light on each other. To a first approximation the magnetization of a ferromag- 
netic sample depends on four factors: the shape of the sample (including such geometrical de- 
tails as cracks, grain boundaries, etc.), the magnitude of the applied field, its orientation with 
respect to the crystallographic axes, and the nature of the lattice distortions. If three of these 
factors are known, the fourth is calculable from the magnetization. 

As an illustration the experiments of F. Schmidt (Dissertation Dresden 1931) are dis- 
cussed. This author measures the induction in iron alloys in a constant field as a function of 
elongation up to the breaking point. He finds that the induction has a maximum during the 
elastic expansion, another when the material begins to flow, and a third just before rupture. 
These maxima indicate either a very peculiar dependence of induction on lattice distortion 
in iron (which is being further investigated theoretically), or an irregular dependence of lattice 
distortion on total elongation. Either conclusion would have interesting consequences. Once a 
satisfactory relationship between lattice distortion and magnetization is established, it becomes 
possible to make strain analyses with magnetic tools, even during the processes of flow. Becker 
and Kersten (Zeits. f. Physik, 71, 553 (1931); 64, 660, (1930) ) have done important work in 
this direction. 

The second part of the paper shows that the unsatisfactory magnetic properties of the out- 
side layers of rolled samples results at least in part from the peculiar distribution of stresses 
and fibering along the surfaces just under the rolls. 
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50. Internal dissipational resistance to distortion in solids and its correlation with other 
physical properties. R. L. WeGeL anp H. Wactuer, Bell Telephone Laboratories.—Meas- 
urements of two internal dissipation coefficients expressed as equivalent viscosities have been 
made on samples of a variety of solids including glass, hard rubber, relatively pure metals and 
alloys. The resonant bar method was used, observing elongational and torsional vibrations 
within the frequency range 500 to 50,000 cycles per second, and at strain amplitudes 10~ to 
10-5 cm/cm. At these amplitudes viscosity is independent of strain amplitude but not of fre- 
quency. In two samples of glass viscosity is inversely proportional to frequency for both ex- 
tension and torsion, which shows the energy loss per cycle to be independent of frequency and 
that according to current terminology the mechanism is /ysteretic. On the assumption that the 
material is isotropic and that dissipation is associated only with shear, the usual expression for 
Young's modulus, generalized for vibrations to include viscosity, is E+de=9k(N+in)/(3R+N 
+in) in which the imaginary components in each case are products of viscosity and radial 
frequency. The imaginary components of each elastic coefficient are found experimentally to be 
very small compared with the real parts, from which it follows that 


E/N =2(1+¢); e/n=4(1+0)2/3 


in which o@ is Poisson's ratio which has a negligible imaginary part. In the glass samples these 
ratios should be different but experimentally turn out to be equal, suggesting the likelihood that 
dissipation (nonthermodynamic) is associated with compression to the same extent as with 
shear. In high purity aluminum samples viscosity varies with frequency to the power —4/3 ap- 
proximately and in nickel to the power —1/2 approximately. Other materials follow similar 
power laws lying between these limits in the frequency range investigated. This suggests that 
in all except perhaps glass there are within the samples, owing to their structure, relaxation 
mechanisms having relaxation times of the order of magnitude 10~ to 10~° seconds. The gross 
plastic relaxation time is usually minutes or hours or more. It is convenient to regard the in- 
ternal dissipation coefficient of a solid as a complex viscosity, each component of which in 
general varies with frequency as it does in the case of a gas or a liquid. 

Viscosity of solids at room temperature increases with extreme rapidity with temperature, 
a trend opposite to that in liquids. In steel alloys tested viscosity increases slowly with hardness 
(Rockwell) up to about the point of brittleness, after which the increase is enormous. During 
the aging process of lead alloys viscosity changes rapidly. In Pb-Ca (0.04 percent) the increase 
is over 300 percent, while the electrical conductivity changes by a matter of only 10 percent. 
In one sample over a year old the change is still in process. With the same heat treatment high 
purity lead decreases about 20 percent in a week or so, and then remains constant. A test of 
viscosity should be a useful guide in connection with the development of special alloys when 
better correlation with other physical properties is available. 
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